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HISTORICAL  SKETCH, 


BBLATZKO  GUIEFLY  TO 


THE  STEAM  ENGIIJE. 


Nations  are  wrongly  accused  of  having,  in  the  most  ancient  times, 
honoured  and  remembered  their  conquerors  and  tyrants  only,  and 
of  having  neglected  and  forgotten  their  benefactors,  the  inventors 
of  the  useful  arts.  On  the  contrary,  the  want  of  authentic  records 
of  those  benefactors  of  mankind  has  arisen  from  the  blind  excess  of 
admiration,  which  led  the  heathen  nations  of  remote  antiquity  to 
treat  their  memory  with  divine  honours,  so  that  their  real  history 
has  been  lost  amongst  the  fables  of  mythology. 

During  a  period  less  remote,  but  still  ancient,  the  improvers  of 
the  mechanical  arts  were  neglected  by  biographers  and  historians, 
from  a  mistaken  prejudice  against  practice,  as  being  inferior  in 
dignity  to  contemplation ;  and  even  in  the  case  of  men  such  as 
Archytaa  and  Archimedes,  who  combined  practical  skill  with 
scientific  knowledge,  the  records  of  their  labours  that  have  reached 
our  times  give  but  vague  and  imperfect  accounts  of  their  mechanical 
inventions,  which  are  treated  as  matters  of  trifling  importance  in 
comparison  with  their  philosophical  speculations.  The  same  pre- 
judice, prevailing  with  increased  strength  during  the  middle  ages, 
and  aided  by  the  prevalence  of  the  belief  in  sorcery,  rendered  the 
records  of  the  progre^ss  of  practical  mechanics^  until  about  the  end 
of  the  flfbeenth  century,  almost  a  blank. 

These  remarks  apply,  with  peculiar  force,  to  the  histoiy  of  those 
machines  called  prime  movers,  by  whose  aid  power  or  energy  is 
derived  from  natural  sources,  and  made  to  perform  work  for  human 
purposes.  It  would  be  vain  to  attempt  to  trace  the  history  of  the 
application  of  muscular  power,  water  power,  or  wind  power,  to  the 
driving  of  machinery.  With  the  exception  of  the  air  engine  and 
some  other  heat  engines,  and  the  electro-magnetic  engine,  which 
are  still  in  their  infancy,  the  steam  engine  is  the  only  prime  mover 
whose  history  is  kr.wn  with  any  cei-tainty;  and  even  its  origin  is 
lost  in  antiquity. 

The  published  writings  on  the  history  of  the  steam  engine  are 
veiy  numerous.     They  are  to  be  found  at  the  commencement  of  all 


the  large  treatises  on  the  steam  engine,  Bach  as  Farej'a,  Tredgold's, 
and  Mr.  Bourne's; — and  of  articlei)  on  the  same  subject,  and  on 
steam  navigation,  hy  Mr.  Scott  BusselL  The  most  complete  col- 
lection of  accounts  of  various  inTentiona  is  Stuart's  History  of  the 
SUam  EngtTte;  a  book  now  very  scarce,  A  complete  and  exact 
history  of  the  more  imporfant  steps  in  the  progress  of  the  steam. 
engine  down  to  the  time  of  Watt,  and  of  the  inventions  of  Watt 
himself,  is  contained  in  Mr.  Muirhead's  Mechanical  Inventions  of 
James  Wait,  and  Life  of  Janne*  Watt;  works  specially  distingmshed 
by  the  fullness  and  precision  with  which  original  documents  and 
authorities  for  facts  are  cited.  It  is  impassible  to  pursue  the  same 
courae  within  the  limits  of  the  present  esaay,  which  is  only  a 
brief  summary  of  the  leading  events  in  the  history  of  the  steam 
engine. 

The  earliest  written  account  of  mechanism  in  which  heat  is  made 
to  perform  work  by  means  of  steam,  is  contained  in  the  Pneumatiet 
of  Hero  of  Alexandria,  who  flourished  about  130  b.c.  That  author 
describes  a  rotatory  engine,  or  steam  turbine,  driven  by  the  reaction 
of  jets  of  Bteam  issuing  from  orifices  in  revolving  arms,  and  also  an 
engine  in  which  the  pressure  of  steam,  or  of  heated  air  and  vapour 
mixed,  is  nfade  to  raise  liquid  by  expelling  it  from  a  receiver.  An 
apparatus  similar  to  the  last  is  described  by  Giovanni  Battista 
della  Porta,  in  his  Pneumaiiei,  published  in  ICOl,  with  this 
addition,  that  the  condensation  of  steam  within  a  close  vessel  is 
described  as  a  means  of  producing  a  vacuum,  and  thereby  causing 
water  to  ascend  and  fill  the  vessel  A  Frencii  engineer,  Solomon 
de  Cans,  in  a  work  entitled  Lei  Raitona  des  Forces  Mouvantes, 
published  in  1615,  described  a  machine  for  propelling  a  jet  of 
water  to  a  great  height  by  the  pressure  of  steam  evaporated  in  the 
same  vessel  from  which  the  water  was  ejected.  In  1629,  Branca 
described  an  engine,  in  which  a  wheel  was  driven  round  by  the 
impulse  of  steam  against  vanes.  The  Marquis  of  Worcester,  in  his 
work  called  A  Century  of  the  Names  and  ScanUingn  of  Inventions, 
&c.,  published  in  16G3,  described  a  machine  for  raising  water  by 
the  pressure  of  steam.  So  far  as  the  description  is  intelligible,  it 
appears  that  this  machine  difiered  from  that  of  De  Cans,  in  having 
a  separate  boiler  for  the  production  of  the  steam  which  forced 
water  out  of  other  vessels;  and  it  appears  further,  from  the  Diary 
of  Cosmo,  Grand  Duke  of  Tuscany,  that  the  machine  of  the 
Marquis  of  Worcester  had  been  constructed,  and  was  in  operation 
at  Vauxhall,  in  1G56.  It  is  probable,  that  in  the  time  of  the 
Marquis  of  Worcester,  the  action  of  steam  in  exerting  a  great  pres- 
sure when  conflaed  within  a  limited  space,  and  the  possibility  of 
raising  water  to  a  height  by  means  of  it,  luid  become  generally  known 
to  persons  acquainted  with  mechanics,  and  that  t£e  original  part 
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of  his  maclime  was  the  aepanxUe  boiler,  without  which  it  would 
have  been  practically  useless.  Abput  1697,  Saveiy  invented  an 
engine  in  wtdch  water  was  not  only  (as  in  that  of  Worcester)  forced 
above  the  level  of  the  engine  by  the  pressure  of  the  steam  &om  a 
separate  boiler,  but  was  also  raised  to  the  level  of  the  engine,  from 
a  lower  level,  by  the  pressure  of  the  atmosphere,  after  the  conden- 
sation of  the  steam  in  the  water  receiver  by  means  of  cold  water 
externally  applied.  This  engine  was  extensively  used  for  draining 
mines.  In  all  the  machines  hitherto  described,  the  steam  either 
acted  by  its  momentum  alone,  or  by  pressing  dircK^y  on  the  surface 
of  water.  The  first  invention  of  the  impoi'tant  idea  of  making 
steam  afford  the  means  of  driving  a  piston,  which  should  com- 
municate motion  to  mechanism,  appears  to  be  due  to  Denis  Papin, 
who,  about  the  year  1690,  constructed  a  working  model,  consisting 
of  a  vertical  cylinder  with  a  piston.  In  the  lower  part  of  the 
cylinder  was  placed  a  small  quantity  of  water.  On  placing  a  fire 
under  the  cylinder,  the  water  evaporated  and  lifted  the  piston ;  on 
removing  the  fire  from  the  cylinder,  or  the  cylinder  from  the  fire, 
the  steam  was  condensed,  and  the  piston  forced  down  by  the  pres- 
sure of  the  atmosphere.  Papin  proposed  that  engines  on  this 
principle  should  be  made  to  work  pumps,  and  also,  by  means  of 
rack  and  pinion  work,  and  ratchet  wheels,  to  drive  paddle  wheels  of 
vessels,  and  other  revolving  liiechauism.  Papin  had,  about  ten 
years  before,  invented  the  safety  valve  for  boilers.  In  1705,  New- 
comen,  Savery,  and  Cawley,  combined  the  cylinder  and  piston  with 
the  separate  boiler,  and  with  surface  condensation,  and  produced 
the  well  known  atmospheric  engine  for  pumping  mines.  They 
afterwards  rendered  the  condensation  more  rapid  and  complete  by 
injecting  a  shower  of  cold  water  into  the  interior  of  the  cylinder. 
Apparatus  for  enabling  the  engine  to  open  and  shut  its  own  valves 
was  introduced  by  Humphry  Potter,  and  improved  by  £eighton« 
The  high  pressure  engine  was  invented  in  1725,  by  Leupold. 
About  1770,  the  details  of  the  atmospheric  engine  were  much 
improved  by  Smeaton,  until  it  became,  considering  the  general 
condition  of  practical  mechanics  at  the  time,  a  veiy  perfect  machine 
in  workmanship  and  mechanism. 

Fig.  I.  shows  a  vertical  section  of  the  principal  parts  of  Savery*s 
engine : — a,  receiver,  in  which  the  steam  presses  on  the  surface  of 
the  water;  6,  ascending  pipe;  c  d,  clacks  opening  upwards;  f, 
boiler;  g,  steam  pipe  from  boiler  to  receiver;  h,  cock,  to  open  and 
close  it;  ik,  fines;  I  m,  gauge  cocks  to  ascertain  the  water  level; 
n,  safety  valve  (it  is  doubtful,  however,  whether  Savery  used  the 
safety  valve) ;  o,  condensing  cock,  to  let  a  stream  of  cold  water  fall 
on  the  receiver,  and  condense  the  steam.  The  engine  was  worked 
by  opening  and  closing  the  cocks  h  and  o  alternately.     On  opening 

h 


A,  Bteam  tmm  the  boiler  forced  the  water  from  the  receiver  a  up 
thioogh  the  pipe  b;  oo  cloaing  A  and  opening  o,  the  steua  was 


Fig.  I. — S>tbi7'b  Eogiiu. 

condensed,  and  the  preaaure  of  the  atmosphere  forced  water  up 
through  the  clack  tf,  so  as  to  fill  the  receiver  again. 

Two  improTementH  made  by  Saveiy  on  bis  engine  are  not 
shown  in  the  figure :  a  second  receiver,  similar  to  a,  and  Btanding 
alongside  of  it,  to  be  filled  and  emptied  alternately  with  a,  so  as  to 
keep  up  a  continuous  stream  of  water;  and  an  auxiliary  boiler,  or 
heating  veitset,  in  which  water  was  heated  before  being  supplied  to 
the  principal  boiler/,  and  from  which  the  water  was  fort^  into/ 
by  the  pressure  of  steam  when  required. 

Fig.  II.  is  Newcomeu'a  atmospheric  engine  in  itn  earliest  form. 
a,  beam  or  lever;  6,  boiler;  e,  lever  wall;  d,  pump  rod  chun;  t, 
pump  rod;  /  furnace;  g  g,  counterpoise;  A,  cylinder;  p,  st^un 
pipe;  u,  steam  cock;  /,  tank  for  condensation  water;  m,  its  supply 
pipe,  coming  from  the  pump  in  the  pit;  n,  condensation  wat^ 
pipe;  0,  cock;  q,  dischflJ^  pipe  for  water  fi-om  cylinder,  leading 
downwards  to  a  point  thirty-four  feet  below  it  (being  one  atmo- 
sphere of  vrater);  «,  piston  rod;  x,  pbton  rod  chain;  y  z,  sectors 
on  ends  of  beam. 

For  an  example  of  the  atmospheric  engine  in  its  most  perfect 
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Btate,  reference  may  be  made  to  the  deacription  and  dmwiug  of  the 
"  loDg  Bentuu  eogme  "  ia  Smeaton's  reporta. 


Tig.  IL— Nawoomeo'i  AtnKnphgricEnginB. 

fig.  m.  ifl  Leupold's  proposed  high  preesore  engine,  with  a  pair 
of  cylinders  ia  which  the  steam  acts  alternately,  being  admitted 
and  discharged  by  a  "  four-way-cock," 

In  the  history  of  mechanic^  art  two  modes  of  progress  may  be 
distinguished — the  empirical  and  the  gcterUifie.  Not  the  praUical 
and  the  litMretic,  for  that  distinction  is  fallacious :  all  real  progreaa 
in  mechanical  art,  whether  theoretical  or  not,  most  be  practicaL 
The  true  distinction  is  this :  that  the  empirical  mode  of  progress 
is  purely  and  simply  practical ;  the  scientific  mode  of  progreaa  is 
at  once  practical  and  Aeoretic. 

Empirical  progress  is  that  which  has  been  going  on  slowly  and 
continually  mim  the  earliest  times  to  the  present  day,  by  means  of 
gradual  amelioration  in  raaterials  and  workmanship,  of  small  sue- 
oeaeive  augmentations  of  the  size  of  structures  and  power  of 
machines,  and  of  the  esercise  of  individual  ingenuity  in  matters  of 
detail  This  mode  of  progress,  though  essential  to  the  perfecting 
of  mechanical  art  ia  its  details,  is  confined  to  making  small  altera- 
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tioHB  on  existing  examples,  and  is  consequently  limited  in  the  range 

of  its  effects. 

Scientific  progress  in  the  mechanical  arta  takes  place,  not  con- 
tinnously,  but  at  inter- 
Tals,  often  distant,  and 
by  great  efforts.  When 
the  results  of  experience 
and  observation  on  the 
properties  of  the  ma- 
terials which  are  used, 
and  on  the  Uw»  of  the 
actions  which  take  place, 
in  a  class  of  machinea, 
have  been  reduced  to  a 
science,  then  the  im- 
provement of  such  ma- 
chines is  no  longer  con- 
fined to  aroendtuenta  or 
enlargenieiits  in  detail  of 
preriously  existing  ex- 
amples ;  but  from  the 
principles  of  science  prac- 
tical rules  are  deduced, 
ahowing  not  only  how  to 
bring  the  machine  to  the 
condition  of  greatest  effi- 
ciency cottBiBtent  with 
the  available    materials 
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and  workmanship,  but  also  how  to  adapt  it  to  any  combination  of 
circumstanoes,  how  different  soever  from  those  which  have  pre- 
viously occurred.  When  a  great  advance  has  thus  been  made  by 
scientific  progress,  empirical  progress  again  comes  into  play,  to 
perfect  the  results  in  their  details. 

Up  to  the  period  when  Smeaton  perfected  the  atmospherio 
engine,  the  progress  of  the  "  fire  engine,"  as  the  Bt«am  engine  was 
then  called,  had  been  merely  empirtad;  and  in  everything  that 
depended  on  principle,  the  steam  engine  of  that  period  was  a  most 
rude,  wostefid,  and  inefScient  machine.  Then  came  the  time 
when  science  was  to  effect  more  in  a  few  years  than  mere  em- 
mrical  progress  had  done  in  nineteen  centuries.  In  1759,  James 
Watt  had  liis  attention  directed  by  Bobison  to  the  subject  of  the 
steam  engine,  and  for  a  few  years  afterwards  made  various  eiperi- 
mentfi  on  the  properties  of  steam.  In  1763  and  1764,  Watt,  while 
engaged  in  the  repair  of  a  small  model  of  Newcomen's  engine 
(belonging  to  the  University  of  Glae^w,  aad  since  preserved  by 


watt's  diboovsbies. 


th&t  TJiiiTersity  aa  the  most  predoas  of  relics),*  perceired  the 
various  defects  of  th&t  machine,  and  ascertained  by  experiment  their 
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causes.  Watt  set  to  work  scientificallj  from  the  first  He  studied 
the  laws  of  the  pressure  of  elastic  fluids,  and  of  the  evaporating 
action  of  heat,  so  far  as  thej  were  known  in  his  time;  he  ascer- 
tained as  accurately  as  he  could,  with  the  means  of  experimenting 
at  his  disposal,  the  expenditure  of  fuel  in  eyaporating  a  given 
quantity  of  water,  and  the  relations  between  the  temperature, 
pressure,  and  volume  of  the  steam.  Then  reasoning  from  the  data 
which  he  had  thus  obtained,  he  framed  a  body  of  principles  expres- 
sing the  conditions  of  the  efficient  and  economic  working  of  the 
steam  engine,  which  are  embodied  in  an  invention  described  by 
himself  in  the  following  words,  in  the  spedflcation  of  his  patent  of 
1769  :— 

"  My  method  of  lessening  the  consumption  of  steam,  and  conse- 
quently fuel,  in  fire  engines,  consists  of  the  following  principles : — 

'^Firstf  That  vessel  in  which  the  powers  of  st^m  are  to  be 
employed  to  work  the  engine,  which  is  called  the  cylinder  in  com- 
mon fire  engines,  and  which  I  call  the  steam  vessel,  must,  during 
the  whole  time  the  engine  is  at  work,  be  kept  as  hot  as  the  steam 
that  enters  it;  first,  by  inclosing  it  in  a  case  of  wood,  or  any  other 
materials  that  transmit  heat  slowly;  secondly,  by  surrounding 
it  with  steam  or  other  heated  bodies;  and  thirdly,  by  suffering 
neither  water  nor  any  other  substance  colder  than  the  steam,  to 
enter  or  touch  it  during  that  time. 

"  Secondly f  In  engines  that  are  to  be  worked  wholly  or  partially 
by  condensation  of  steam,  the  steam  is  to  be  oondeused  in  vessels 
distinct  from  the  steam  vessels  or  cylinders,  although  occasionally 
communicating  with  them;  these  vessels  I  call  condensei-s;  and, 
whilst  the  engines  are  working,  these  condensers  ought  at  least  to 
be  kept  as  cold  as  the  air  in  the  neighbourhood  of  tiie  engines,  by 
application  of  water,  or  other  cold  bodies. 

*  "  Thirdly,  Whatever  air  or  other  elastic  vapour  is  not  condensed 
by  the  cold  of  the  condenser,  and  may  impede  the  working  of  the 
engine,  is  to  be  drawn  out  of  the  steam  vessels  or  condensers  by 
means  of  pumps,  wrought  by  the  engines  themselves,  or  otherwise. 

^^  FourMy,  I  intend,  in  many  cases,  to  employ  the  expansive 
force  of  steam  to  press  on  the  pistons,  or  whatever  may  be  used 
instead  of  them,  in  the  same  manner  in  which  the  pressure  of  the 
atmosphere  is  now  employed  in  common  fire  engines.  In  cases 
where  cold  water  cannot  be  had  in  plenty,  the  engines  may  be 
wrought  by  this  force  of  steam  only,  by  discharging  the  steam  into 
the  air  after  it  has  done  its  office. 

"  Lastly,  Instead  of  using  water  to  render  the  pistons  and  other 
parts  of  the  engines  air  and  steam  tight,  I  employ  oils,  wax, 
resinous  bodies,  fat  of  animals,  quicksilver,  and  other  metals  in 
their  fiuid  state." 
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The  expense  of  canying  out  of  Watt's  indention  was  at  first 
defrayed  by  Dr.  John  Boebuck,  the  original  projector  of  the  Carron 
Iron  Works*  On  his  retirement  from  the  enterprise,  his  place  was 
taken  by  Matthew  Boulton  of  Birmingham,  whose  liberality  and 
energy  furnished  all  that  was  necessary  to  render  the  genius  of 
Watt  practically  availabla  Pew  patents  have  had  their  validity 
more  obstinately  contested  than  that  of  Watt*s  great  invention; 
and  the  successful  result  of  the  trials  of  which  it  was  the  subject 
has  greatly  contributed  to  ascertain  and  fix  the  interpretation  of 
the  patent  laws.  In  1769,  Watt  had  invented  the  cutting-off  the 
admission  of  steam,  so  as  to  make  it  work  expansively,  as  appears 
frt>m  a  letter  of  his  to  his  friend  Dr.  SmalL  He  began  to  use  that 
invention  in  1776,  but  did  not  publish  it  till  1782,  when  he 
patented  along  with  it  his  invention  of  the  double  acting  engine.  It 
IS  certain  that  before  1778,  Watt  had  invented  the  double  acting 
steam  engine,  and  the  application  of  the  crank  to  the  steam  engine; 
but  the  latter  invention  having  been  pirated  and  patented  by 
another.  Watt  invented  and  patented  other  methods  of  producing 
rotatory  fix>m  reciprocating  motion,  which  were  used  until  the 
patent  for  the  crank  expired;  after  which  time  the  use  of  the  crank 
became  general.  The  adaptation  of  the  steam  engine  to  the  pro- 
duction of  rotatory  motion  wajs  the  crowning  improvement,  which 
led  to  its  employment  as  the  prime  mover  of  evety  kind  of 
mechamsm.  In  1784,  Watt  patented  and  published  his  inventions 
of  the  parallel  motion,  the  counter  for  recording  the  strokes  of 
engines,  the  throttle  valve,  the  governor  for  regulatiDg  the  speed, 
and  the  indicator  for  ascertaining  the  power,  and  also  a  locomotive 
engine;  which  last,  however,  he  did  not  put  in  practice.  The 
improvements  on  the  steam  engine  since  the  time  of  Watt  have 
chiefly  related  either  to  the  boiler  and  furnace,  to  the  details  of  the 
mechanism,  to  the  more  full  development  of  Watt's  principle  of 
using  the  expansive  force  of  the  steam  to  drive  the  piston,  or  to 
the  means  of  applying  the  steam  engine  to  the  propulsion  of 
carriages  and  ships.  The  double  cylinder  engine  was  invented  by 
Homblower  in  1781,  and  was  afterwards  combined  with  Watt*s 
condenser  by  Woolf. 

The  history  of  the  application  of  the  steam  engine  to  the  propul- 
sion of  ships  has  been  brought  into  a  very  complete  state  by  the 
compilation,  under  the  direction  of  Mr.  Woodcrofb,  of  abridgments 
of  patents  for  marine  propulsion,  together  with  various  documents 
relative  to  inventions  of  that  class  not  patented  in  Britain. 

It  appears  from  the  correspondence  between  Fapin  and  Leibnitz, 
that  Fapin  was  present,  in  1698,  at  a  trial  of  a  boat  propelled  by  a 
machine  contrived  by  Savery,  in  which  paddle  wheels  were  driven 
by  a  water  wheel,  which  was  itself  driven  by  water  raised  by  means 
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of  Saveiy's  steam  engine,  already  mentioned;  and  also  that  Papin 
himself,  in  1707,  made  either  a  vessel  or  a  model  of  a  vessel  (it  is 
not  clear  which)  on  a  similar  plan,  with  which  he  was  on  his  way 
by  the  Fulda  and  Weser  to  England,  when  it  was  taken  from  him 
and  destroyed  by  boatmen. 

In  1736,  Jonathan  Hulls  patented  a  steam  vessel  in  which  paddle 
wheels  were  driven  by  ratchet  work,  acted  upon  by  chains  or  ropes 
attached  to  the  pistons  of  atmospheric  cylinders. 

In  1752,  Daniel  Bemouilli  invented  a  form  of  screw  propeller, 
which  he  proposed  to  drive  by  a  steam  engine. 

In  1781  and  1783,  the  Marquis  de  Jouffi-oy  executed  and  used 
upon  the  Rhone  two  steam  vessels  of  considerable  size — in  the  first 
of  which  paddle  wheels  were  driven  by  chains,  and  in  the  second 
by  rack  work.  They  are  said  to  have  realized  a  considerable 
speed. 

The  early  attempts  at  steam  navigation  made  in  France  by  the 
Marquis  de  Joufiroy  in  1781  and  1783,  in  America  by  Rumsey 
and  Fitch  about  1783  and  1784,  and  in  Scotland  in  1788  and 
1789,  by  Miller  of  Dalswinton,  Taylor,  and  Symington,  appear 
to  have  failed  chiefly  because  of  the  imperfect  nature  of  the 
means  employed  for  the  transmission  of  motion  from  the  piston  to 
the  propeller.  In  fiEUJt,  Watt's  invention  of  the  rotative  engine, 
which  effects  that  transmission  smoothly  and  without  shocks,  was 
an  indispensable  step  towards  the  success  of  steam  navigation. 
Symington,  instructed  by  the  previous  failure  of  his  engine  in  Mil- 
ler's boat,  availed  himself  of  that  invention,  when  he  built  for  Lord 
Dundas,  in  1801,  the  "Charlotte  Dundas,"  which  was  used  in  1802 
on  the  Forth  and  Clyde  Canal,  with  complete  success  as  a  tug,  but 
abandoned  owing  to  an  apprehension  on  the  part  of  the  directors  of 
injury  to  the  banks.     The  "  Charlotte  Dundas"  (fig.  Y.)  had  one 
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paddle  wheel  near  the  stem^  driven  by  a  direct  acting  horizontal 
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engine,  with  a  connecting  rod  and  crank.  The  arrangement  of 
her  mechanism  was  such  as  would  be  considered  creditable  at  the 
present  day;  and  she  has  been  justly  styled  by  Mr.  Woodcroft 
"  the  first  practical  steamboat." 

Fulton  having  made  himself  well  acquainted  with  what  had  been 
previously  done  in  steam  navigation,  began  to  experiment  with  a 
small  paddle  steamer  in  1803.  In  1804,  Stevens  ran  a  steamer 
between  New  York  and  Hoboken,  with  a  screw  propeller,  driven 
by  one  of  Watt's  engines. 

The  establishment  of  steam  navigation  as  a  remunerative  art 
was  first  effected  in  America,  by  Fulton,  in  1807j  on  the  East 
river;  and  in  Europe,  by  Bell,  in  1812,  on  the  Clyde.  Fulton's 
vessel,  the  "  Clermont,"  was  propelled  by  paddles,  driven  by  an 
engine  made  by  Boulton  and  Watt.  Bell's  vessel,  the  "  Comet," 
was  propelled  by  two  pairs  of  paddles  (fig.  VI.),  driven  by  an 
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engine  of  peculiar  design  (fig.  VII.)  Since  that  period  the  advance- 
ment of  steam  navigation  has  consisted  not  so  much  in  the 
development  of  new  principles,  as  in  the  improvement  of  work- 
'  manship,  arrangement,  and  economy  of  fuel,  and  the  progressive 
increase  of  the  size,  power,  and  speed  of  steam  ships,  and  the  extent 
of  their  yoyages — ^the  climax  at  the  present  time  being  the  "  Great 
Eastern,"  680  feet  long,  83  feet  broad,  drawing  30  feet  of  water 
when  loaded,  displacing  26,000  tons  of  water,  having  engines  that 
can  work  at  from  8,000  to  12,000  indicated  horse-power,  and  being 
capable  of  carrying  coals  for  a  voyage  round  the  worid — ^which  last 
quality,  as  Mr.  Scott  Eussell  has  stated,  is  the  object  of  her  enormous 
bulk.  The  highest  speed  attained  in  Europe  by  steamers  is  about 
174  nautical  nules,  or  20  statute  miles  an  hour;  this  is  exceeded,  in 
some  instances,  by  steamers  on  the  American  rivers. 

The  application  of  the  steam  engine  to  locomotion  on  land  was, 
according  to  Watt,  suggested  by  Bobison,  in  1759.     In  1784,  Watt 
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patented  a  locomotive  engine,  which,  however,  he  nei 
About  the  same  time  Murdoch,  aaaiatant  to  Watt^  i 


r  executed, 
ade  a  veij 
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efficient  working  model  of  a  locomotive  engine.  In  1 802,  Trerithick 
and  Vivian  patented  a  locomotive  engine,  which  waa  constructed 
and  set  to  work  in  1804  or  1805.  It  travelled  at  about  five  mileti 
an  hour,  with  a  net  load  of  t«n  tons.  The  use  of  fixed  steam 
engines  to  drag  trains  on  railways  by  ropes,  was  introduced  by  Cook  " 
in  1808. 

After  various  inventors  had  long  exerted  their  ingenuity  in 
vain  to  give  the  locomotive  engine  a  firm  hold  of  the  track  by 
means  of  lackwork-raila,  and  toothed  driving  wheels,  legs,  and 
ffeet,  and  other  contrivances,  Blackett  and  Hedley,  in  1813,  made 
the  important  discovery  that  no  suck  aids  are  required,  the 
adhesion  between  smooth  wheels  and  smooth  rails  being  sufficient. 
To  adapt  the  locomotive  engine  to  the  great  and  widely  varied 
speeds  at  which  it  now  has  to  tmvel,  and  the  varied  loads  which 
it  now  has  to  draw,  two  things  are  essential — that  the  rate  of 
combustion  of  the  fuel,  the  original  source  of  the  power  of  the 
engine,  ahall  adjust  itself  to  the  work  which  the  engine  has  to 
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perform,  and  ahall,  when  required,  be  capable  of  being  increased  to 
UBny  times  the  rate  at  vhich  fuel  is  burned  in  the  furnace  of  a 
Etatiooarj  engine  of  the  same  sizej  and  that  the  surface  through 
which  h«at  is  communicated  from  the  burning  iuel  to  the  water 
shall  be  very  large  compared  with  the  bulk  of  the  boiler.  The  firat 
of  these  objects  is  attiuned  bj  the  blast-pipe,  invent«d  and  used  hj 
Oeorge  Stephenson  before  1825;  the  second,  hy  the  tubular  boiler, 
invented  about  1829,  simultaneously  by  S6guin  in  France  and  Booth 
in  England,  and  by  the  latter  suggested  to  Stephenson.  On  the  6th 
October,  1629,  occurred  that  famous  trial  of  locomotive  etagines, 
when  the  prize  offered  by  the  directors  of  the  Liverpool  and  Man- 
chester Eailway  was  gained  by  Stephenson's  engine,  the  "  Bocket," 
the  parent  of  the  switt  and  powerful  tocomotives  of  the  presejnt  day, 
in  which  the  blast-pipe  and  tubular  boiler  are  combined.'  (Fig. 
YIII.)   Since  that  tune  the  locomotive  engine  haa  been  varied  and 
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improved  in  various  details,  and  by  various  engineers.     Its  wei^t 
now  ranges  from  five  tons  to  £Ay  tons;  ito  load  from  fifty  to  five 
hundred  tons;  its  speed  from  ten  miles  to  sixty  miles  an  honr. 
The  reduction  of  the  laws  which  connect  heat  with  mechanical 
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energy  to  a  physical  theory,  or  connected  system  of  principles, 
called  the  science  of  Thermodynamics,  is  of  recent  date,  and,  in 
many  respects,  may  be  considered  to  be  still  in  progress.  The  steps 
in  reasoning,  and  in  experimental  knowledge,  which  have  gradually 
led  to  the  formation  of  that  system  of  principles,  are  difficult  to 
trace,  and  more  difficult  to  separate  from  the  history  of  the  two 
kinds  of  mechanical  hypotheses  which  have  been  propc^ed  as  means 
of  deducing  the  laws  of  heat  from  those  of  motion  and  force; 
for  one  of  those  hypotheses — ^that  which  supposes  the  phenomena  of 
heat  to  be  caused  by  the  presence,  in  greater  or  less  quantity,  of  a 
substance  called  "caloric** — has  been  the  chief  impediment  to  the 
progress  of  the  accurate  knowledge  of  the  laws  of  the  relations 
between  heat  and  motive  power;  while  the  other  hypothesis,  which 
supposes  the  phenomena  of  heat  to  be  caused  by  molecular  vibra- 
tions and  revolutions,  has  been  the  means,  in  some  instances,  of 
anticipating  laws,  and  predicting  numerical  results,  which  have 
since  been  confirmed  by  experiment,  and  in  others,  of  suggesting 
experiments  whereby  important  Liws  have  been  discovered. 

In  the  stage  which  our  knowledge  has  now  attained,  it  is  possible 
to  express  the  laws  of  thermodynamics  in  the  form  of  independent 
principles,  deduced  by  induction  from  the  facts  of  observation  and 
experiment^  without  reference  to  any  hypothesis  as  to  the  occult 
molecular  operations  with  which  the  sensible  phenomena  may  be 
conceived  to  be  connected;  and  that  course  will  be  followed  in 
the  body  of  the  present  treatise.  But,  in  giving  a  brief  historical 
sketch  of  the  progress  of  thermodynamics,  the  progress  of  the 
hypothesis  of  thermic  molecular  motions  cannot  be  wholly  separated 
from  that  of  the  purely  inductive  theory. 

The  Aristotelian  hot  element,  as  well  as  the  other  aroixiu*^ 
appears,  so  far  as  we  can  judge,  to  have  been  understood  by 
Aristotle  himself,  not  as  a  substance,  but  as  one  of  the  states  of 
which  substances  are  susceptible. 

In  the  scholastic  sense  of  the  term  "  ElemerUum  Igrds^  viz.,  the 
supposed  substance,  afberwards  called  "  phlogiston**  and  "  caloric," 
Cklileo  disputes  the  real  existence  of  anything  corresponding  to  it, 
and  Bacon  declares  it  to  be  one  of  those  '^  Tuymxna  nihUorum"  which 
are  amongst "  Idolafori  molestiesima,"  The  hypothesis  of  molecular 
motions  was  maintained  by  Galileo,  Bacon,  Boyle,  Daniel  Bernoulli, 
and  Newton,  and  at  a  later  period  by  Rumford,  Davy,  Leslie,  Mont- 
golfier,  S^guin,  Young,  and  Grove.  Bumford  and  Davy  supported 
it  by  most  remarkable  experiments  on  the  production  of  heat  by 
friction — a  phenomenon  which  is  the  key  to  the  whole  science  of 
thermodynamics :  Davy  and  S6guin  endeavoured  to  put  the  mechani- 
cal hypothesis  into  a  definite  form :  Young,  in  his  lectures,  stating 
the  whole  question  in  the  clear  and  forcible  manner  peculiar  to  him, 
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showed  that  the  facts  of  experiment,  as  known  in  his  time,  were 
conclusiye  against  the  hypothesis  of  substantial  caloric.  That  hypo- 
thesis, however,  continued  to  hold  its  ground,  and  to  a  considerable 
extent  does  so  still — a  fact  which  is  probably  in  a  great  measure 
owing  to  the  employment  of  its  language  in  works  of  reference,  and 
to  the  popular  tendency  to  ascribe  substantive  existence  to  the  sub- 
ject of  a  nama  The  adoption  of  the  hypothesis  of  thermic  molecu- 
lar motions,  and,  what  is  of  more  importance,  the  abandonment  of 
the  hypothesis  of  substantial  caloric,  have  been  much  promoted  by 
the  series  of  discoveries  which  have  shown,  that  the  communication 
of  light  and  heat  by  radiation,  if  not  actually  consisting  in  the  pro- 
pagation of  molecidar  vibratory  movements,  takes  place  according 
to  laws  analogous  to  those  of  the  propagation  of  such  movements, 
and  wholly  at  variance  with  those  of  the  dMusion  of  any  conceivable 
substance. 

A  most  important  step  towards  the  formation  of  a  true  physical 
theory  of  the  relations,  not  only  between  heat  and  motive  power, 
but  between  heat  and  every  other  kind  of  physical  energy,  was 
made  by  Black's  great  discovery  of  latent  heat,  and  by  Watt's  appli- 
cation of  that  discovery  in  the  improvement  of  the  steam  engine. 

The  term  "  latent  heat"  when  freed  from  hypothetical  notions, 
means,  an  amount  of  that  condition  of  matter  called  heat,  which 
has  disappeared  in  producing  physical  effects  different  from  heat, — 
such  as  expansion,  fusion,  evaporation,  and  chemical  changes,' — and 
which  may  be  made  to  reappear  by  reversing  the  changes  in  which 
such  physical  effects  consisted, — that  is,  by  compression,  congela- 
tion, liquefaction  of  vapours,  and  inverse  chemical  changes.  The 
progress  in  the  true  theory  of  thermodynamics,  to  which  this  dis- 
covery might  have  led,  was  for  a  long  time  retarded  by  a  fallacious 
principle,  arising  from  the  hypothesis  of  substantial  odoric  in  the 
following  manner : — ^Let  a  substance  change  from  a  less  bulky  to  a 
more  bulky  condition,  or  from  the  liquid  to  the  gaseous  state,  or 
generally,  from  the  state  A  to  the  state  £,  that  change  being  of 
such  a  nature,  that  according  to  Black's  discovery,  heat  disappears, 
and  some  physical  effect  different  from  heat  is  produced.  Let  this 
operation  be  called  (A,  B),  and  let  Hj  be  the  amount  of  heat  which 
disappears.  "Next,  let  the  substance  change  back  from  the  state  B 
to  the  original  state  A  :  let  this  change  be  called  (B,  A).  It  will 
cause  a  certain  quantity  of  heat  BEq  ^  reappear.  If  the  series 
of  intermediate  changes  undergone  by  the  substance  during  the 
process  (B,  A),  be  exactly  the  reverse,  step  for  step,  with  those 
undergone  during  the  process  (A,  B),  everything  done  by  the 
first  process  will  be  exactly  undone  by  the  second;  no  perma- 
nent physical  effect  wiU  ensue  from  the  combined  processes; 
and  the  amount  of  heat  which  reappears,  Hq,  must  necessarily  be 
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equal  to  the  amount  of  heat  Hi,  which  formerly  disappeared.  This 
was  understood  from  the  time  of  the  first  disooveiy  of  latent  heat; 
and  so  far  there  is  no  fallacy,  but  an  important  trutL  But  it  was 
Airther  assumed,  that  heat  has  a  substantial  existence,  and  that^ 
consequently,  Ho  =  H|,  imder  all  circumstances,  even  although  the 
processes  (A,  B)  and  (B,  A)  should  difier  in  their  intermediate 
steps.  This  assumption  leads  to  the  following  paradoxical  result, 
which  shows  it  to  be  &llaciou8.  It  is  known  that  the  process 
(B,  A)  may  be  made  to  differ  from  (A,  B),  in  its  intermediate  steps, 
in  such  a  manner  that  a  permanent  mechiuiical  effect  shall  be  pro- 
duced by  the  combined  processes.  Now,  if  under  such  circum- 
stances Ho  is  assumed  to  be  still  =  H|,  it  follows,  that  by  employing 
the  mechanical  effect  of  the  combinmi  processes  in  devdaping  heat 
hyfrictiony  we  may  increcue  the  amount  qfhecU  in  the  umversSf  or 
create  caloric; — a  consequence  opposed  to  the  original  assumptiou 
of  the  substantiality  of  anloric,  and  proving  that  assumption  to  be 
self-contradictory. 

That  fidladoti  aammption  tinfortamtely  pervaded  «he  n««minfp 
of  Camot  (son  of  the  great  Gamot),  in  lus  Rt/lexiona  twr  la  Puts' 
sance  Motrice  du  Feu  (Paris,  1824V--a  work  which,  notwithstand- 
ing this  fiedlacy,  contains  the  first  discovery  of  an  important  law : — 
that  the  ratio  of  the  greatest  poaaible  work  performed  by  a  heat  engine^ 
to  the  whole  heat  eocpendedj  i»  afwMtion  ofihe  two  limite  qftemperor 
ture  between  which  the  engine  works,  and  not  of  the  ryatmre  of  the 
substance  employed, — (Thomson's  Account  ofCanw^s  Theory,  Edinb. 
Trans.y  1849,  VoL  xvi) — ^The  fiedlacy  referred  to  prevented  Camot 
from  discovering  what  that  function  of  the  limits  of  temperature  is. 

The  phenomena  of  the  development  of  heat  by  the  friction  of  a 
fluid  possesses  peculiar  advantages  as  a  means  of  ascertaining  the 
relations  between  heat  and  mechanical  power,  owing  to  the  sim- 
plicity of  the  action  which  takes  place;  for  at  the  end  of  the  process 
the  fluid  is  left  exactly  in  the  same  condition  as  it  was  at  the 
beginning;  so  that  the  evolution  of  a  certain  amount  of  heat  is  the 
sole  effect  produced;  and  this  being  compared  with  the  mechanical 
power  expended  in  agitating  the  fluid,  exhibits  in  the  most  simple, 
direct,  accurate,  and  satisfactory  manner  possible,  the  relation 
between  heat  and  mechanical  power.  The  idea  of  subjecting  this 
phenomenon  to  experimental  measurement  appears  to  have  been 
first  put  in  practice  independently  by  M.  Mayer  in  1842,  and  Mi^ 
Joule  in  1843.  The  numerical  results  at  first  obtained  were,  as 
was  to  be  expected  in  a  new  kind  of  experiment,  somewhat  rough 
and  inexact;  but,  by  long  perseverance,  Mr.  Joule  increased  the 
exactitude  of  his  methods  of  experimenting,  until  he  succeeded  in 
ascertaining,  by  experiments  on  the  friction  of  water,  oil,  mercury, 
air^  and  other  substances,  to  the  accuracy  of  vir  of  its  amount^  if 
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not  more  dosely  still,  the  moiikamical  equivcUeni  of  a  unit  of  heat; 
that  is,  the  number  of  foot-pounds  o/m&chcaiical  energy  which  must 
be  expended  in  order  to  raise  the  temperature  of  one  poimd  of  water 
by  on£  deffree.  For  Fahrenheit's  degree^  that  quantity  is  772  foot- 
pounds: for  the  Centigrade  degree,  i  x  772  =  1389-6  foot-pounds 
(FhU,  Trans,,  1850).  This,  the  most  important  numerical  constant 
in  molecular  physics,  has  been  styled  by  other  writers  on  the  sub- 
ject "  Joule's  Equivalent/'  in  order  that  the  name  of  its  discoverer 
may  be  perpetuated  by  connection  with  the  most  imperishable  of 
memorials--a  truth.  Mr.  Joule,  at  the  same  time,  proved  by  ex- 
periment the  law  which  had  previously  been  only  a  matter  of 
speculative  theory  with  others:  that  not  only  heat  and  motive 
power^  but  all  other  kinds  of  physical  energy,  such  as  chemical 
action,  electricity,  and  magnetism,  are  convertible  and  equivalent; 
that  is  to  say,  that  any  one  of  those  kinds  of  energy  may,  by  its 
expenditure,  be  made  the  means  of  developing  any  other  in  certain 
definite  proportions.  Meanwhile,  partly  through  a  theoretical  an- 
ticipation of  this  law,  and  partly  through  the  influence  of  the  hypo- 
thesis of  molecular  motions  as  applied  to  heat,  the  formation  of  a 
systematic  theory  of  the  relations  between  heat  and  motive  power 
advanced  Messrs.  Helmholtz  and  Waterston  may  be  referred  to 
aa  having  aided  that  progress.  The  investigations  of  the  Count  de 
Pambour  on  the  theory  of  the  steam  engine,  although  not  involv- 
ing the  discovery  of  any  principle  in  thermodynamics  properly 
speaking,  were  conducive  to  the  progress  of  that  science  by  pointing 
out  the  proper  mode  of  applying  mechanical  principles  to  the 
expansive  action  of  an  elastic  fluid. 

The  general  equation  of  ihermodynamics,  which  expresses  the 
relations  between  heat  and  mechanical  energy  under  all  circum- 
stances, was  arrived  at  independently,  and  by  diflerent  methods,  in 

1849,  by  Professor  Clausius  and  the  Author  of  this  work;  and 
published  by  the  former  in  Poggendorff*^  Annalen,  and  communi- 
cated by  the  latter  to  the  Boyal  Society  of  Edinburgh  in  Feb- 
ruary, 1850.  {Edin.  Trans,,  1850).  The  consequences  of  that 
equation  have  since  been  developed,  and  applied  to  scientific  and 
practical  questions  in  a  series  of  papers  which  have  appeared  in 
PoggendorfTs  Anncden;  the  Philosophical  Magaaine  since  1850; 
the  Edinburgh  Philosophical  J&wmal  for  1849  and  1855;  the 
Transactions  of  the  Royal  Society  of  Edinburgh^  since  1850,  Vol 
XX. ;  and  the  Philosophical  Transactions  for  1854  and  1859. 

Professor  William  Thomson,  adopting  the  true  theory  of  heat,  in 

1850,  not  only  solved  some  new  problems  in  thermodynamics,  and 
devised  and  carried  out,  jointly  with  Mr.  Joule,  some  most  impor- 
tant experiments;  but  he  extended  analogous  principles  to  elec- 
tricity and  magnetism,  and  thereby  created  what  may  justly  be 
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styled  a  new  science.  His  papers  have  appeared  in  the  TransctO' 
tions  of  the  Royal  Society  of  Edinburgh  for  1851,  and  sub^equentlj  in 
the  PhilosophiccU  Jfcigazine  since  1851,  and  the  Fhilaaophical  Trans- 
actions since  1854.  Numerical  data,  without  which  the  theoretical 
researches  before  referred  to  would  have  been  fruitless,  were  fur- 
nished by  the  experiments  of  Dulong,  and  MM.  Bravais,  Martins, 
Moll,  Van  Beek,  and  others,  on  the  velocity  of  sound ;  by  those  of 
M.  Brudberg,  on  the  expansion  of  gases ;  by  the  experiments,  almost 
unparalleled  for  extent  and  precision,  of  M.  Regnault,  on  the  proper- 
ties of  gases  and  vapours,  made  at  the  expense  of  the  French  Govern- 
ment, and  published  in  the  Proceedings  and  Memoirs  of  the  Academy 
of  Sciences,  from  1847  to  1854;  and  by  the  joint  experiments  of 
Messrs.  Joule  and  Thomson,  on  the  thermic  effects  of  currents  of 
elastic  fluids,  made  at  the  expense  of  the  Boyal  Society,  and  pub- 
lished in  the  Philosophical  Transactions  for  1854. 

Hypothesis  of  Molecular  Yobtices. — ^In  thermodynamics  as 
well  as  in  other  branches  of  molecular  physics,  the  laws  of  phenomena 
have  to  a  certain  extent  been  anticipated,  and  their  investigation 
facilitated,  by  the  aid  of  hypotheses  as  to  occult  molecular  struc- 
tui-es  and  motions  with  which  such  phenomena  are  assumed  to  be 
connected.  The  hypothesis  which  has  answered  that  purpose  in  the 
case  of  thermodynamics,  is  called  that  of  "  molecular  vortices,"  or 
otherwise,  the  "  centrifugal  theory  of  elasticity."  (On  this  subject, 
see  the  EdinJbwrgh  Philosophical  Jottmal,  1849;  Edinburgh  TrcmS' 
cu^ionSy  vol.  XX. ;  and  Philosophical  Magazine,  passim,  especially  for 
December,  1851,  and  November  and  December,  1855.) 

Science  of  Energetics. — Although  the  mechanical  hypothesis 
just  mentioned  may  be  useful  and  interesting  as  a  means  of  antici- 
pating laws,  and  connecting  the  science  of  thermodynamics  with 
that  of  ordinary  mechanics,  still  it  is  to  be  remembered  that  the 
science  of  thermodynamics  is  by  no  means  dependent  for  its  cer- 
tainty on  that  or  any  other  hypothesis,  having  been  now  reduced 
to  a  system  of  principles,  or  general  fiicts,  expressing  strictly  the 
results  of  experiment  as  to  the  relations  between  heat  and  motive 
power.  In  ^is  point  of  view  the  laws  of  thermodynamics  may  be 
regarded  as  particular  cases  of  more  general  laws,  applicable  to  aU 
such  states  of  matter  as  constitute  Energy,  or  the  capacity  to  per- 
form work,  which  more  general  laws  form  the  basis  of  the  science 
of  energetics, — a  science  comprehending,  as  special  branches,  the 
theories  of  motion,  heat,  light,  electricity,  and  all  other  physical 
phenomena.* 

PosTSCBiPT,  20tk  September,  1859. — The  experiments  of  Mr.  FairtMim  and  Mr. 
Tate  on  the  density  of  steam  have  just  been  published  They  agree  well  with  tbs 
Ibrmuls  and  tables  of  this  work  (see  page  562). 

*  Edknbw^  PkHotophioai  Jownal,  1855. 
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OV  MACHINES  IK  GENERAL. 

Bectiok  1. — O/Eedstance  and  Work, 

1.  The  Actf«B  •r  a  niachine  is  to  produce  Motion  against  Besist- 
ance.  For  example,  if  the  machine  is  one  for  lifting  solid  bodies, 
sach  as  a  crane,  or  fluid  bodies,  such  as  a  pump,  its  action  is  to 
produce  upward  motion  of  the  li^d  body  against  the  resistance 
arising  from  gravity;  that  is,  against  its  own  weight:  if  the 
machine  is  one  for  propulsion,  such  as  a  locomotive  engine,  its 
action  is  to  produce  horizontal  or  inclined  motion  of  a  load  against 
the  resistance  arising  from  friction,  or  from  friction  and  gravity 
combined :  if  it  is  one  for  shaping  materials,  such  as  a  planing 
machine,  its  action  is  to  produce  relative  motion  of  the  tool  and  of 
the  piece  of  material  shaped  by  it,  against  the  resistance  which  that 
material  offers  to  having  part  of  its  surface  removed ;  and  so  of 
other  machines. 

2.  "WmwU,  {A,  M.y  513.)— The  action  of  a  machine  is  measured,  or 
expressed  as  a  definite  quantity,  by  multiplying  the  motion  which 
it  produces  into  the  resistance,  or  force  directly  opposed  to  that 
motion,  which  it  overcomes;  the  product  resulting  from  that 
multiplication  being  called  wore. 

In  Britain,  the  distances  moved  through  by  pieces  of  mechanism 
are  usually  expressed  in  feet;  the  resistances  overcome,  in  pounds 
avoirdupois;  and  quantities  of  work,  found  by  multiplying  dis- 
tances in  feet  by  resistances  in  pounds,  are  said  to  consist  of  so 
many  foot-jxmnda.  Thus  the  work  done  in  lifting  a  weight  of  one 
pound,  through  a  height  of  one  foot,  is  one  foot-pound;  the  work 
done  in  lifting  a  weight  of  twenty  pounds,  through  a  height  of  one 
hundred  feet,  is  20  x  100  =  2,000  foot-pounda 

In  France,  distances  are  expressed  in  metres,  resistances  overcome 
in  kilogrammes,  and  quantities  of  work  in  what  are  called  kilo^ 
gramwnHrea,  one  kilogrammBtre  being  the  work  performed  in  lifting 
a  weight  of  one  kilogramme  through  a  height  of  one  m^tra 

The  foUowing  are  the  proportions  amongst  those  units  of  distance^ 
zesistauce,  and  work,  with  their  logarithms  ;— 
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*  Edmbmyh  PkUodO]^* 
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Compa/riaon  of  Different  Mecumrea  of  Velocity, 

lineB  Feet  Feet  Feet 

per  hour.  per  seooncL        per  minnte.        per  hour. 

I  =    I-4S  =88  =   5280* 

0-6818  =1  =60  =    3600 

0-01136       =   o-oi6       =        1  =60 

•  •  ■  ■ 

0*0001893   =   0-00027   =       o'oi6  =         I 
1  nautical  mile  '\ 
per  hour,  or  >=  1-1507  =    1*6877      =    101*262=   6075*74 

"knot," j 

The  units  of  time  being  the  same  in  all  dvilized  oountries,  the  pro- 
portions amongst  their  units  of  velocity  are  the  same  with  those 
amongst  their  linear  measures. 

5.   Work  to  TeraiB  of  Ajuffnhw  lll«t«|pk     {A,  M,y  593.) — ^When  a 

resisting  force  opposes  the  motion  of  a  part  of  a  machine  which 
moves  round  a  fixed  axis,  such  as  a  wheel,  an  axle,  or  a  crauk,  the 
product  of  the  amount  of  that  resistance  into  its  leverage  (that  is, 
the  perpendicular  distance  of  the  line  along  which  it  acts  from  the 
fixed  axis)  is  called  the  moment,  or  statical  moment,  of  the  resist- 
ance. If  the  resistance  is  expressed  in  pounds,  and  its  leverage  in 
feet,  then  its  moment  is  expressed  in  terms  of  a  measure  which 
maj  be  called  a  foot-pound^  but  which,  nevertheless,  is  a  quantity 
of  an  entirely  different  kind  from  a  fboi>-pound  of  work. 

Suppose  now  that  the  body  to  whose  motion  the  resistance  is 
opposed  turns  through  any  number  of  revolutions,  or  parts  of  a 
revolution;  and  let  T  denote  the  angle  through  which  it  turoSy 
expressed  in  revolutions,  and  parts  of  a  revolution;  also,  let 

2w^  6-2832 

denote,  as  is  customary,  the  ratio  of  the  circumference  of  a  cirde  to 
its  radius.  Then  the  distance  through  which  the  given  resistance 
is  overcome  is  expressed  by 

the  leverage  x  2  »  x  T ; 

that  is,  by  the  product  of  the  circumference  of  a  circle  whose  radius 
is  the  leverage,  into  the  nimiber  of  turns  and  fractions  of  a  turn 
made  by  the  rotating  body. 

The  distance  thus  found  being  multiplied  by  the  resistance  overr 
come,  gives  the  work  performed;  that  is  to  say. 

The  work  performed 
=  the  resistance  x  the  leverage  x  2  v  x  T. 


4  nrrBODUcnoK. 

But  the  product  of  the  resistance  into  the  leverage  is  what  is  called 
the  momerU  of  the  resistance,  and  the  product  2  x  T  is  called  the 
angular  motion  of  the  rotating  body;  consequentlyy 

The  work  performsd 
=  the  moment  qfthe  reaietcmce  x  th^  angtdar  motion. 

The  mode  of  computing  the  work  indicated  by  this  last  equation 
is  often  more  convenient  than  the  direct  mode  already  explained  in 
Article  2. 

The  angular  motion  2  t  T  of  a  body  during  some  definite  unit  of 
time,  as  a  second  or  a  minute,  is  called  its  angular  velocity;  that  is 
to  say,  angular  vdocUy  is  the  product  of  ike  turns  and  fractions  of  a 
turn  made  in  an  unit  of  time  into  the  ratio  (2  x  =  6*2832)  of  the 
oircumferenoe  of  a  circle  to  its  radius.     Hence  it  appears  that 

The  rate  of  work 
=  the  moTnent  qfthe  resistance  x  ^  angutar  vdodJty. 


6.    Work  In  Terms  mt  PrcMww  aad  Tolmae.      {A.  M,,  517.) — If 

the  resistance  overcome  be  a  pressure  uniformly  distributed  over  an 
area,  as  when  a  piston  drives  a  fluid  before  it,  then  the  amount  of 
that  resistance  is  equal  to  the  intensity  of  the  pressure,  expressed 
in  units  of  force  on  each  unit  of  area  (for  example,  in  pounds  on 
the  square  inch,  or  pounds  on  the  square  foot)  multiplied  by  the 
area  of  the  surface  at  which  the  pressure  acts,  if  that  area  is  per- 
pendicular to  the  direction  of  the  motion;  or,  if  not,  then  by  the 
projection  of  that  area  on  a  plane  perpendicular  to  the  direction  of 
motion.  In  practice,  when  the  area  of  a  piston  is  spoken  of,  it  is 
always  understood  to  mean  the  projection  above  mentioned. 

Now,  when  a  plane  area  is  multiplied  into  the  distance  through 
which  it  moves  in  a  direction  perpendicular  to  itself,  if  its  motion 
is  straight,  or  into  the  diBtance  through  which  its  centre  of  gravity 
moves,  if  its  motion  is  curved,  the  product  is  the  volumie  of  the 
space  traversed  by  the  piston. 

Hence  the  work  peiformed  by  a  piston  in  driving  a  fluid  before 
it,  or  by  a  fluid  in  driving  a  piston  before  it,  may  be  expressed  in 
either  of  the  following  ways : — 

Resistance  x  distance  traversed 

=  intensity  of  pressure  x  orea  x  distance  traversed; 

=  intensity  of  pressure  x  voluTne  traversed. 

In  order  to  compute  the  work  in  foot-pounds,  if  the  pressure  is 
stated  in  pounds  on  the  square  foot,  the  area  should  be  stated  in 
square  feet,  and  the  volume  in  cubic  feet;  if  the  pressure  is  stated  in 
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poimds  on  the  square  inch,  the  area  should  be  stated  in  square  inches, 

and  the  yolume  in  units,  each  of  which  is  a  prism  of  one  foot  in 

1 
length  and  one  square  inch  in  area;  that  i%  of  =-T-r  of  a  cubio  foot 

in  voluma 

The  following  table  gives  a  comparison  of  various  units  in  whiob 
the  intensities  of  pressures  are  commonly  expressed.    {A.  M,,  86.) 

Pounds  on  the         Poimds  on  tlia 
square  foot  square  inch. 

One  pound  on  the  square  inch, 144  i 

One  pound  on  the  square  foot, i  jhs 

One  inch  of  mercury  (that  is,  weight 

of  a  column  of  mercury  at  32^ 

Fahr.,  one  inch  high), 7o73  0'49ia 

One  foot  of  water  (at  39°'l  Fahr.),         62:425  o*4335 

One  inch  of  water, 5*2021  0*036125 

One  atmosphere,  of  29*922  inches 

of  mercury,  or  7  60  millimetres,     2 1 1 6  *4  1 4  '7 

One  foot  of  air,  at  32^^  Fahr.,  and 

under  the  pressure  of  one  atmo- 
sphere,   0*080728  0*0005606 

One  kilogramme   on   the  square 

m^tre, 0*20481  0*00142228 

One  kilogramme   on   the   square 

millimetre,  204810  1422*28 

One  millimetre  of  mercury, **7847  0*01934 

7.  Algebraical  ExprcMloas  fw  IT^rtK.  (A.  M,,  515,  517,  593.) — 
To  expuress  the  results  of  the  preceding  articles  in  algebraical  sym- 
bols, let 

8  denote  the  distance  in  feet  through  which  a  resistance  is  over^ 
oome  in  a  given  time; 

R,  the  amount  of  the  resistance  overcome  in  pounds. 
Also,  supposing  the  resistance  to  be  overcome  by  a  piece  which 
turns  about  an  axis,  let 

T  be  the  number  of  turns  and  fractions  of  a  turn  made  in  the 
given  time,  and  i  =  2  x  T  =  6*2832  T  the  angular  motion  in  the 
given  time  j  and  let 

I  be  the  leverage  of  the  resistance ;  that  is,  the  perpendicular 
distance  of  the  line  along  which  it  acts  from  the  axis  of  motion; 
so  that  8  =  il,  and  B.  2  is  the  statical  moment  of  the  resistance.  Sup- 
posing the  resistance  to  be  a  pressure,  exerted  between  a  piston  and 
a  fluid,  let  A  be  the  area  or  projected  area  of  the  piston^  and  p  the 
intensily  of  the  pressure  in  pounds  per  unit  of  area* 
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Then  the  following  expressions  all  give  quantities  of  irork  in  the 
given  time  in  foot-pounds : — 

R«;   tBZj  pA.8;  ipAL 

The  last  of  these  expressions  is  applicable  to  a  piston  taming  on 
an  axis,  for  which  I  denotes  the  distance  from  the  axis  to  the  centre 
of  gravity  of  the  area  A« 

8.  Wmrk  As»in«t  an  ObU^iM  F«rce.  (A.  M.,  511.) — The  resist- 
ance directly  dne  to  a  force  which  acts  against  a  moving  body  in  a 
direction  oblique  to  that  in  which  the  body  moves,  is  found  by 
resolving  that  force  into  two  components,  one  at  right  angles  to  the 
direction  of  motion,  which  may  be  called  a  lateral  force,  and  which 
must  be  balanced  by  an  equal  and  opposite  latersd  force,  imless  it 
takes  effect  by  altering  the  direction  of  the  body's  motion,  and  the 
other  component  directly  opposed  to  the  body's  motion,  which  is 
the  resistance  required.  That  resolution  is  effected  by  means  of  the 
well  known  principle  of  the  parallelogram  of  forces  as  follows : — 

In  fig.  1,  let  A  represent  the  point  at  which  a  resistance  is  over- 
come, A  B  the  direction  in  which 

that  point  is  moving,  and  let  A  F 

be  a  line    whose  direction    and 

length  represent  the  direction  and 

^^  ^  magnitude   of   a  force  obliquely 

opposed    to    the    motion    of   A. 

From  F  upon  B  A  produced,  let  £el11  the  perpendicular  F  B ;  the 
length  of  that  perpendicular  will  represent  the  magnitude  of  the 

lateral  component  of  the  oblique  force,  and  the  length  A  B  will 
represent  the  direct  component  or  resistonce. 

To  express  this  in  algebraical  symbols,  let  F  denote  the  obliquely 
applied  force,  ^  the  angle  of  its  obliquity,  or  B  A  F,  Q  the  lateral 
force,  and  B  the  resistance;  then 

Q  =  F-sin^j  B  =  F-cos^. 

9.  SammaHoB  of  QaaBtitiM  of  Worib — In  every  machine,  resist- 
ances are  overcome  during  the  same  interval  of  time,  by  differ- 
ent moving  pieces,  and  at  different  points  in  the  same  moving 
piece ;  and  the  whole  work  performed  during  the  given  interval  is 
found  by  adding  together  the  several  products  of  the  resistances 
into  the  respective  distances  through  which  they  are  simultaneously 
overcoma  It  is  convenient,  in  algebraical  symbols,  to  denote  the 
result  of  that  summation  by  the  symbol — 

2  •  Us; (1.) 

in  which  2  denotes  the  operation  of  taking  the  sum  of  a  set  of 
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qnantiiies  of  the  kind  denoted  by  the  symbols  to  which  it  is  pre* 
fixed 

When  the  resistanoes  axe  overcome  by  pieces  turning  upon  axes, 
the  above  sum  may  be  expressed  in  the  form — 

a»R;; (3.) 

and  so  of  other  modes  of  expressing  quantities  of  work. 

The  following  are  particular  cases  of  the  summation  of  quantities 
of  work  performed  at  different  points  :— 

I.  In  a  shifting  piece,  or  one  which  has  the  kind  of  movement 
CB^ied.  tramdcUion  only,  the  velocities  of  every  point  at  a  given  in- 
stant are  equal  and  parallel;  hence,  in  a  given  interval  of  time,  the 
motions  of  all  the  points  are  equal;  and  the  work  performed  is  to 
be  found  by  multiplying  the  srnn  of  the  reaistcmces  into  the  motion 
as  a  common  factor ;  an  operation  expressed  algebi-aicaUy  thus — 

tSR; (3.) 

H.  For  a  twming  piece,  the  angular  motions  of  all  the  points 
during  a  given  interval  of  time  are  equal;  and  the  work  performed 
is  to  be  found  by  multiplying  the  suffn  of  the  moments  of  the  resist^ 
ances  rdcUivdy  to  the  aada  into  the  angular  motion  as  a  common 
factor — an  operation  expressed  algebrairadly  thus — 

»2RZ; (4.) 

The  sum  denoted  by  2  •  B  Z  is  the  total  momaifU  ofresistcmce  of  the 
piece  in  question. 

III.  In  every  travn  of  Tnechanism,  the  proportums  amongst  the 
motions  performed  during  a  given  interval  of  time  by  the  several 
moving  pieces,  can  be  determined  from  the  mode  of  connection  of 
those  pieces,  independently  of  the  absolute  magnitudes  of  those 
motions,  by  the  aid  of  the  science  called  by  Mr.  Willis,  Pure 
Mechanism.  This  enables  a  calculation  to  be  performed  which  is 
called  reducing  the  resistcmces  to  the  driving  point;  that  is  to  say, 
determining  the  resistances,  which,  if  they  acted  directly  at  the 
point  where  the  motive  power  is  applied  to  the  machine,  would 
require  the  same  quantity  of  work  to  overcome  them  with  the 
actual  resistances. 

Suppose,  for  example,  that  by  the  principles  of  pure  mechanism 
it  is  foimd,  that  a  certain  point  in  a  machine,  where  a  resistance  B 
is  to  be  overcome,  moves  with  a  velocity  bearing  the  ratio  n:l  to 
the  velocity  of  the  driving  point.  Then  the  work  performed  in 
overcoming  that  resistance  will  be  the  same  as  if  a  resistance  n  B 
were  overcome  directly  at  the  driving  point.  If  a  similar  calcula- 
tion be  made  for  each  point  in  the  machine  where  resistance  is 
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overcome,  and  the  resolts  added  together,  as  the  foUowing  symbol 
denotes : — 

3-nE, (5.) 

that  sum  is  the  equivalent  resistance  at  the  driving  pairU;  and  if  in 
a  given  interval  of  time  the  driving  point  moves  through  the  dis- 
tance 8,  then  the  work  performed  in  that  time  is — 

f  3«R (6.) 

The  process  above  described  is  often  applied  to  the  steam  engine, 
by  reducing  all  the  resistances  overcome  to  equivalent  resistances 
acting  directly  against  the  motion  of  the  piston. 

A  similar  method  may  be  applied  to  the  moments  of  resistances 
overcome  by  rotating  pieces,  so  as  to  reduce  them  to  equivalent 
mamerUe  at  the  driving  axle.  Thus,  let  a  resistance  R,  with  the 
leverage  I,  be  overcome  by  a  piece  whose  angular  velocity  of  rota- 
tion bears  the  ratio  n  :  1  to  that  of  the  driving  axle.  Then  the 
equivalent  moment  of  resistance  at  the  driving  axle  is  n  B  / ;  and 
if  a  similar  calculation  be  made  for  each  rotating  piece  in  the 
machine  which  overcomes  resistance,  and  the  results  added  to- 
gether, the  sum — 

3-wRZ (7.) 

is  the  total  equiwxlent  moment  of  resistance  at  the  driving  axle;  and 
if  in  a  given  interval  of  time  the  driving  axle  turns  through  the 
arc  i  to  radius  unity,  the  work  performed  in  that  time  is — 

i  a  •  «  R  l. (8.) 

IV.  Centre  of  Grravity. — The  work  performed  in  lifting  a  body 
is  the  product  of  the  weigld  ofi3ve  body  tnto  the  height  Uvrough  which 
its  centre  of  gramiJLy  is  lifted. 

If  a  machine  lifts  the  centres  of  gravity  of  several  bodies  at  once 
to  heights  either  the  same  or  different,  the  whole  quantity  of  work 
performed  in  so  doing  is  the  sum  of  the  several  products  of  the 
weights  and  heights ;  but  that  quantity  can  also  be  computed  by 

multiplying  the  sum  of  all  tJie 
weights  into  the  height  through 
whidi  their  common  centre  of 
gravity  is  lifted 

10.  R«pt«aeiiialtoB  of  W«»rk  hj 
[X]      ^.  an  Area. — As    a    quantity   of 

work  is  the  product    of   two 
quantities,  a  force  and  a  motion, 
Fig.  2.  it  may  be  represented   by  the 

area  of  a  plane  figure^  which  is  the  product  of  two  dimensions. 


WORK  A0AIK8T  YABTIHa  BE8ISTAKCE. 


A.     R 

Fig.  8. 


Let  the  base  of  the  rectangle  A,  fig.  2,  represent  one/ooi  of  motion, 
and  its  height  one  pound  of  resistance;  then  will  its  area  represent 
one  foot-pound  of  work. 

In  the  larger  rectangle,  let  the  base  OB  represent  a  certain 
motion  s,  on  Sie  same  s^e  with  the  base  of  the  unit-area  A;  and 

let  the  height  O  K  represent  a  certain  resistance  B.,  on  the  same 
scale  with  the  height  of  the  unit-area  A;  then  will  the  number  of 

times  that  the  rectangle  OS  *  O B  contains  the  unit-rectangle  A, 
express  the  number  of  foot-pounds  in  the  quantity  of  work  K  8, 
which  is  performed  in  overcoming  the  resistance  B  through  the 
distance  s. 

11.  W«rk  AcMlnat  Tarrlnff  RealilBBee.  (A,  M,,  515). — In  fig.  3, 
let  distances  as  before,   be  re-   y 
presented  by  lengths  measured 
along  the  base  line  O  X  of  the 
figure;  and  let  the  magnitudes  j 
of  the  resistance   overcome   at 
each  instant  be  I'epresented  by 
the  lengths  of  ordinates  drawn 
perpendicular  to  O  X,  and  paral- 
lel   to   O  Y  ;  —  For    example, 
when  the  working  body  has  moved  through  the  distance  repre- 

sented  by  O  S,  let  the  resistance  be  represented  by  the  ordinate  S  B. 

If  the  resistance  were  constant,  the  summits  of  those  ordinates 
would  lie  in  a  straight  line  parallel  to  O  X,  like  B  B  in  fig.  2;  but 
if  the  resistance  varies  continuously  as  the  motion  goes  on,  the 
summits  of  the  ordinates  will  lie  in  a  line,  straight  or  curved,  such 
as  that  marked  E  B  G,  fig.  3,  which  is  not  parallel  to  O  X. 

The  values  of  the  resistance  at  each  instant  being  represented  by 
the  ordinates  of  a  given  line  E  B  G,  let  it  now  be  required  to  deter- 
mine the  work  performed  against  that  resistance  during  a  motion 

represented  by  O  F  =  s. 

Suppose  the  area  O  E  G  F  to  be  divided  into  bands  by  a  series  of 
parallel  ordinates,  such  as  A  C  and  B  D,  and  between  the  upper 
ends  of  those  ordinates  let  a  series  of  short  lines,  such  as  C  D,  be 
drawn  parallel  to  O  X,  so  as  to  form  a  stepped  or  serrated  outline, 
consisting  of  lines  parallel  to  OX  and  O  Y  alternately,  and  aj^prosci- 
mating  to  the  given  continuous  line  E  G. 

Now  conceive  the  resistance,  instead  of  vaiying  continuously,  to 
remain  constant  during  each  of  the  series  of  divisions  into  which 
the  motion  is  divided  by  the  parallel  ordinates,  and  to  change 
abruptly  at  the  instants  between  those  divisions,  being  represented 
for  each  division  by  the  height  of  the  rectangle  which  stands  on 
that  division :  for  example,  during  the  division  of  the  motion  re- 
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presented  by  A  B,  let  the  resistanoe  be  represented  by  A  C,  and  so 
for  other  divisions. 

Then  the  work  performed  during  the  division  of  the  motion  re- 
presented by  A  B,  on  the  supposition  of  alternate  constancy  and 
abrupt  variation  of  the  resistance,  is  represented  by  the  rectangle 

AB'ACj  and  the  whole  work  performed,  on  the  same  supposition, 

during  the  whole  motion  O  F,  is  represented  by  the  sum  of  all  the 
rectangles  lying  between  the  parallel  ordinates;  and  inasmuch  as 
the  supposed  mode  of  variation  of  the  resistance  represented  by  the 
stepped  outline  of  those  rectangles  is  an  approximation  to  the  real 
mode  of  variation  represented  by  the  continuous  line  E  G,  and  is  a 
closer  approximation  the  closer  and  the  more  numerous  the  parallel 
ordinates  are,  so  the  sum  of  the  rectangles  is  an  approximation  to 
the  exact  representation  of  the  work  performed  against  the  conti- 
nuously varying  resistance,  and  is  a  closer  approximation  the  closer 
and  more  numerous  the  ordinates  are,  and  by  making  the  ordinates 
numerous  and  close  enough,  can  be  made  to  differ  &om  the  exact 
representation  by  an  amount  less  than  any  given  difference. 

But  the  sum  of  those  rectangles  is  also  an  approximation  to 
the  area  O  E  G  F,  bounded  above  by  the  continuous  line  £  G,  and  is 
a  closer  approximation  the  closer  and  the  more  numerous  the  ordi- 
nates are,  and  by  making  the  ordinates  numerous  and  close  enough, 
can  be  made  to  differ  from  the  area  O  E  G  F  by  an  amount  less 
than  any  given  difference. 

Therefore  the  a/rea  OEGF,  hounded  by  the  straight  line  OF,  which 
repreaerUs  the  motion,  by  the  line  E  G,  vj^ioee  ordinates  represent  the 
valu£s  o/tlie  resistance,  and  by  the  tivo  ordvruUes  O  E  and  F  G,  repre- 
sents  exactly  the  wdrk  performed. 

The  MEAN  BESISTANCE  during  the  motion  is  found  by  dividing 
the  area  O  E  G  F  by  the  motion  O  F. 

The  following  is  the  mode  of  expressing  the  above  results  in 
algebraical  symbols : — 

Let  any  division  of  the  motion,  such  as  A  B,  be  denoted  by  A«; 
8  =^ '  A  s  being  the  sum  of  all  these  divisions,  or  the  entire  motion 

OF.  

Let  one  of  the  values  of  the  resistance  for  the  division  A  B  of  the 

motion  be  R;  and  let  this  represent  the  height  AC  of  the  rectangle 
which  stands  on  A  B  in  the  approximate  representation  of  the  work. 
Then 

Ra« 

represents  the  area  of  that  rectangle;  and  the.  sum  of  the  whole 
series  of  rectangles,  which  is  an  approximate  representation  of  the 
work  performed,  is  denoted  by 
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aBA«. 


(1) 


The  limit  or  nn'EGRAL  towards  whicli  that  sum  approximates  as 
the  divisions  A  s  are  increased  indefinitely  in  number,  and  dimi- 
nished indefinitely  in  length,  being  the  area  O  E  G  F,  and  the  exact 
represenkUion  of  the  work  performed,  is  denoted  by 


[  Rds; 


.(2.) 


and  the  mean  reei^nce  by 


/ 


Rdi 


(3.) 


To  illustrate  the  application  of  those  principles  by  an  example,  let 
there  be  a  spiral  spring  which  exerts  a  tension  of  100  lbs.  when  it 
is  stretched  one-tenth  of  a  foot,  and  whose  tension  at  other  elonga- 
tions varies  simply  as  the  elongation;  and  let  it  be  required  to  find 
how  much  work  is  performed  in  stretching  it  from  its  ordinary  state 
to  an  elongation  of  0  06  of  a  foot  In  fig.  4,  on  the  straight 
line  O  X,  take  O  A  to  repi-esent  0*1 
foot,  and  draw  A B  -L  OX  to  re- 
present 100  lbs.  Draw  the  straight 
line  O  £  ;  then  because  the  tensions 
are  simply  proportional  to  the  elon- 
gations, the  ordinate  B  S  1 1  A  B  will 
represent  the  tension  K  for  any  given 


Fig.  4. 


It« 


elongation  O  S  ^  «;  and  the  triangular  area  O  S  B  =  — ^- will  re- 

present  the  work  performed  in  producing  that  elongation.     In  the 
present  case, 


«r=0O6foot;  Br= 


0 06  X  100 
01 


=  60 lbs.;  and 


Us 


=  1*8  foot-pounds, 


while  the  mean  resistance  during  the  elongation  is 

^^*  =  |  =  301bB. 

11  A.  ApproslBMite  CompatatioB  •f  IntegrBto.  (Extracted  from 
A.  M.y  81). — ^Beference  having  been  made  to  the  process  of  irUegrch 
lion,  ike  present  article  is  intended  to  afford  to  those  who  have  not 
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made  that  branch  of  mathematics  a  special  study,  some  elementaiy 
information  respecting  it. 

The  meaning  of  the  symbol  of  an  integral,  vi^ : — 


/y<^«, 


is  of  the  following  kind : — 

In  fig.  5,  let  A  C  D  B  be  a  plane  area,  of  which  one  boundary,  A6 

is  a  portion  of  an  axis  of  abscissa 
OX,  —  the  opposite  boundary, 
C  D,  a  curve  of  any  figure, — and 
the  remaining  boundaries,  A  0, 
B  D,  ordinates  perpendicular  to 
"bT""*  O  X,  whose  respective  abscissae, 
Fig.  &  or  distances  from  the  origin  O,  are 


O  A  =  a;  OB  =  b. 

Let  WF  =  y  be  any  ordinate  whatsoever  of  the  curve  0  D,  and 
O'Ezzx  the  corresponding  abscissa.  Then  the  integral  denoted  by 
the  symbol. 


/ 


ydx^ 


means,  the  wrwk  of  ths  figure  A  C  D  R  The  absciss»  a  and  6, 
which  are  the  least  and  greatest  values  of  a;,  and  which  indicate 
the  longitudinal  extent  of  the  area,  are  called  the  limita  qfifUegrO' 
tion;  but  when  the  longitudinal  extent  of  the  area  is  otherwise  in- 
dicated, the  symbols  of  those  limits  are  sometimes  omitted,  as  in 
the  preceding  Article. 

When  the  relation  between  y  and  x  is  expressed  by  any  ordinary 
algebraical  equation,  the  value  of  the  integral  for  a  given  pair  of 
values  of  its  limits  can  generally  be  found  by  means  of  formulae 
which  are  contained  in  works  on  the  Integral  Calculus,  or  by  means 
of  mathematical  tables. 

Cases  may  arise,  however,  in  which  y  cannot  be  so  expressed  in 
terms  of  x;  and  then  approximate  methods  must  be  employed. 
Those  approximate  methods  are  founded  upon  the  division  of  the 
area  to  be  measured  into  bands  by  paralled  and  equi-distant  ordi- 
nates, the  approximate  computation  of  the  areas  of  those  bands,  and 
the  adding  of  them  together;  and  the  more  minute  that  division  is, 
the  more  near  is  the  result  to  the  truth  The  simplest  approxima- 
tion is  as  follows  : — 

Divide  the  area  A  C  D  B,  as  in  fig.  6^  into  any  convenient  nun- 
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ber  of  bands  by  parallel  ordinates,  whose  uniform  distance  apart 
is  A  sb;  so  that  if  n  be  the  num- 
ber of  bands,  n  +  1  will  be  the       c 
number  of  ordinates,  and 


h  —  a:=in  ^Xy 


i 


the  length  of  the  figure.  Fig.  6. 

Let  y ,  f/',  denote  the  two  ordinates  which  bound  one  of  the 
bands;  then  the  area  of  that  band  is 


t/  +  y' 

2 


•  A  Xf  nearly; 


and  consequently,  adding  together  the  approximate  areas  of  all  the 
bands,— denoting  the  extreme  ordinates  as  follows, — 


and  the  intermediate  ordinates  by  yi,  we  find  for  the  approximate 
value  of  the  integral — 

J    ydx=:^+  -|i  +2-yij  ^x,nearly. 

12.  Vwetfai  Work  and  iioat  Work. — The  useful  work  of  a  ma- 
chine is  that  which  is  performed  in  effecting  the  purpose  for  which 
the  machine  is  designed.  The  lost  work  is  that  which  is  performed 
in  producing  effects  foreign  to  that  purpose.  The  resistances  over- 
come in  performing  those  two  kinds  of  work  are  called  respectively 
useful  resistance  aj^d  prepididal  resistance. 

The  useful  work  and  the  lost  work  of  a  machine  together  make 
up  its  total  or  gross  loork. 

In  a  pumping  engine,  for  example,  the  useful  work  in  a  given 
time  is  the  product  of  the  weight  of  water  lifted  in  that  time  into 
the  height  to  which  it  is  lifted :  the  lost  work  is  that  performed  in 
overcoming  the  friction  of  the  water  in  the  pumps  and  pipes,  the 
friction  of  the  plungers,  pistons,  valves,  and  mechanism,  and  the 
resistance  of  the  air  pump  and  other  parts  of  the  engine. 

In  many  machines,  there  is  great  difficulty  in  precisely  drawing 
the  line  between  useful  work  and  lost  work.  In  the  case  of  the 
special  subjects  of  this  treatise.  Prime  Movebs,  that  difficulty  sel- 
dom exists.  They  are  rtvackmesfoT  driving  other  machines;  so  that 
their  useful  work  is  that  performed  in  overcoming  the  resistances 
of  the  machines  which  they  drive;  and  their  lost  work  is  that  per- 
formed in  overcoming  their  own  resistances. 
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For  example,  the  useful  work  of  a  marine  steam  engine  in  a 
given  time  is  the  product  of  the  resistance  opposed  by  the  water  to 
the  motion  of  the  ship,  into  the  distance  through  which  she 
moves :  the  lost  work  is  that  performed  in  overooming  the  resist- 
ance of  the  water  to  the  motion  of  the  propeller  through  it,  the 
friction  of  the  mechanism,  and  the  other  resistances  of  the  engine, 
and  in  raising  the  temperature  of  the  condensation  water,  of  the 
gases  wMch  escape  by  the  chimney,  and  of  adjoining  bodies. 

There  are  some  cases,  such  as  those  of  muscular  power  and  of 
windmills,  in  which  the  useful  work  of  a  prime  mover  can  be 
determined,  but  not  the  lost  work. 

13.  FrictioB,  (Partly  extracted  and  abridged  from  J.  M.,  189, 
190,  191,  204,  and  669  to  685). — ^The  most  frequent  cause  of  loss 
of  work  in  machiaes  is  friction — ^being  that  force  which  acts  be- 
tween two  bodies  at  their  surface  of  contact  so  as  to  resist  their 
sliding  on  each  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pressed  together.  The  following  law  respecting  the 
friction  of  solid  bodies  has  been  ascertained  by  experiment : — 

The  friction  whu^  a  given  pair  qfeoUd  bodies,  with  their  surfaces 
in  a  given  condition,  are  capable  of  exerting,  w  simply  proportioMd 
to  the  force  unth  which  Hiey  are  prised  togeSier. 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  the 
pressure  becomes  so  intense  as  to  crush  or  grind  the  parts  of  the 
bodies  at  and  near  their  surface  of  contact.  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressure;  but 
that  limit  ought  never  to  be  attained  at  the  bearings  of  any 
machine.  For  some  substances,  especially  those  whose  suxfaces 
are  sensibly  indented  by  a  moderate  pressure,  such  as  timber,  the 
friction  between  a  pair  of  surfaces  which  have  remained  for  some 
time  at  rest  relatively  to  each  other,  is  somewhat  greater  than  that 
between  the  same  pair  of  surfaces  when  sliding  on  each  other» 
That  excess,  however,  of  the  frictism  of  rest  over  the  friction  of 
motion,  is  instantly  destroyed  by  a  slight  vibration;  so  that  the 
friction  of  motion  is  alone  to  be  taken  into  account  as  causing  con- 
tinuous loss  of  work.  In  general,  the  bearings  of  machines  ought 
not  to  be  lefb  long  enou^  at  rest  at  a  time  to  allow  the  friction 
sensibly  to  increase  beyond  the  friction  of  motion. 

The  friction  between  a  pair  of  bearing  surfaces  is  calculated  by 
multiplying  the  force  with  which  they  are  directly  pressed  together, 
by  a  factor  called  the  co-efficient  of  friction,  which  has  a  special 
value  depending  on  the  nature  of  the  materials  and  the  state  of  the 
surfaces  as  to  smoothness  and  lubrication.  Thus,  let  B.  denote  the 
friction  between  a  pair  of  surfaces;  Q,  the  force,  in  a  direction  per- 
pendicular to  the  surfaces,  with  which  they  are  pressed  together ; 
andythe  oo-efficient  of  friction;  then 
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The  co-efficient  of  Mction  of  a  given  pair  of  surfaces  is  the  tan- 
gent of  an  angle  called  the  angle  ofrepoaey  being  the  greatest  angle 
which  an  oblique  pressure  between  the  surfaces  can  make  with  a 
perpendicular  to  them,  without  making  them  slide  on  each  other. 

The  following  is  a  table  of  the  angle  of  repose  ^,  the  co-efficient 
of  friction  /=  tan  9,  and  its  reciprocal  1  :J^  for  the  materiab  of 
mechanism — condensed  from  the  tables  of  Crcneral  Morin,  and 
other  sources,  and  arraDged  in  a  few  comprehensive  classes.  The 
values  of  those  constants  which  are  given  in  the  table  have  re- 
ference to  ^^friciion  of  motion,*  "^ 


Ko. 


1 
2 

8 
4 
5 
6 
7 
8 
9 
10 

n 

12 
18 
14 
16 
16 
17 
18 
19 


Sdefages. 


It 
It 


ti 
»i 


Wood  OD  wood,  dry, 

„  „     soaped, 

HeUds  on  oak,  dr}S • • 

wet, 

Boapyi 

Metals  on  elm,  dr}', 

Hemp  on  oak,  dry, 

II  II     "''^^t, 

Leather  on  oak, 

Leather  on  metals,  dry, 

II  ti        ^^t, 

It  11        greasy, 

It  II        oily, 

Metals  on  metals,  dry, 

It  II       yfot^ •• 

Smooth  surfaces,  occasionally  greased, 
„  „        continually  greased, 

„  „        best  resolts, 


Bronze  on  lignum  vitse,  constantly  wet» 


14**  to  26i^ 

llJ**to2^ 

26^°  to  81" 

13i«tol4j" 

11J*> 
11  i°  to  14° 

28*» 

18J° 
16°  to  19J° 

29J° 

20° 

18° 

8A° 
8i°  to  lli° 

16J° 
4°  to  4J° 

3° 
1}°  to  2° 

8°? 


•25  to  "6 

•2  to  '04 

•5  to  -6 

•24  to  '26 

•2 
•2  to  -25 

•68 

•83 
•27  to  '88 

•66 

•86 

•28 

•16 
•16  to  -2 

•3 
•07  to  '08 

•05 
08  to  •086 

•05? 


1:/ 


4to2 

6  to  26 

2  to  1^07 

4-17  to  8-86 

6 

5  to  4 

1-89 

8 

8-7  to  2^86 

1^79 

278 

4-36 

6-67 

6^67  to  6 

8-38 

14  3  to  12-6 

20 

33-3  to  27-6 
20? 


*  In  a  paper,  of  which  an  abstract  has  appeared  in  the  Comptea  Rendta  of  the 
French  Academy  of  Sciences  for  the  26th  of  April,  1868,  M.  H.  Bochet  describes  a 
series  of  experiments  which  have  led  him  to  the  conclusion,  that  the  friction  between 
a  pair  of  surfaces  of  iron  is  not,  as  it  has  hitherto  been  believed,  absolutely  in- 
dependent of  the  velocity  of  sliding,  but  that  it  diminishes  slowly  as  that  velocity 
increases,  according  to  a  law  expressed  by  the  following  formula.    Let 

R  denote  the  friction ; 

Q,  the  pressure ; 

V,  the  velocity  of  sliding,  in  metres  per  second  =s  velocity  in  feet  per  second 
X  0-8048 ; 

/t^yf  constant  oo-efficients;  then 

Q  ""   1  +av 
Hie  foUowlng  are  the  values  of  the  oo-efficients  deduced  by  M.  Bochet  from  bb 
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14.  VBcoeatt. — ^Three  results  in  the  preceding  table,  Nos.  16, 17, 
and  18,  have  reference  to  smooth  firm  surfaces  of  any  kind,  greased 
or  lubricated  to  such  an  extent  that  the  friction  depends  chiefly  on 
the  continual  supply  of  unguent,  and  not  sensibly  on  the  nature  of 
the  solid  surfaces;  and  this  ought  almost,  always  to  be  the  case  in 
machinery.  Unguents  should  be  thick  for  heavy  pressures,  that 
they  may  resist  being  forced  out,  and  thin  for  light  pressures,  that 
their  viscidity  may  not  add  to  the  resistance. 

Unguents  may  be  divided  into  four  classes,  as  follows  : — 

I.  Water,  which  acts  as  an  unguent  on  surfaces  of  wood  and 
leather.  It  is  not,  however,  an  unguent  for  a  pair  of  metallic 
surfaces;  for  when  applied  to  them,  it  increases  their  friction. 

II.  Oily  unguents,  consisting  of  animal  and  vegetable  fixed  oils, 
as  tallow,  lard,  lard  oil,  seal  oil,  whale  oil,  olive  oil  The  vegetable 
drying  oils,  such  as  linseed  oil,  are  unfit  for  unguents,  as  they 
absorb  oxygen,  and  become  hard.  The  animal  oils  are  on  the 
whole  better  than  the  vegetable  oil& 

III.  Soapy  unguents,  composed  of  oil,  alkali,  and  water.  For  a 
temporary  purpose,  such  as  lubricating  the  ways  for  the  launch  of 
a  ship,  one  of  the  best  unguents  of  this  class  is  soft  soap,  made  from 
whale  oil  and  potash,  and  used  either  alone  or  mixed  with  tallow. 
But  for  a  permanent  purpose,  such  as  lubricating  railway  carriage 
axles,  it  is  necessaiy  that  the  unguent  should  contain  less  water 
and  more  oil  or  fatty  matter  than  soft  soap  does,  otherwise  it 
would  dry  and  become  stiff  by  the  evaporation  of  the  water.  The 
best  grease  for  such  purposes  does  not  contain  more  than  from  25 
to  30  per  cent  of  water;  that  which  contains  40  or  50  per  cent 
18  bad. 

lY.  Bituminous  unguents,  composed  of  solid  and  liquid  mineral 
hydrocarbons.  These  unguents  have  the  advantage  of  not  becom- 
ing dry,  nor  being  altered  by  the  action  of  the  air. 

The  intensity  of  the  pressure  between  a  pair  of  greased  surfaces 
ought  not  to  be  so  great  as  to  force  out  the  unguent  It  appears, 
that  in  practice,  the  following  are  ordinary  values  of  that  in- 
tensity : — 

Lbs.  per  aqnare  ioch. 

For  cylindrical  journals, 450  to  150 

For  flat  pivots, 2240 

For  timber  ways  used  in  launching  ships, 50 

experiments,  for  iron  Borfacea  of  wheels  and  skids  rabbing  longitudinslly  on  iron 
rails: — 

/,  for  diT  surfaces,  0*8,  0*25,  0*2 ;  for  damp  snrfaces,  014. 

a,  for  wheels  slidiog  on  rails,  0*08 ;  for  skids  sliding  on  rails,  0*07. 

7,  not  yet  determined,  but  treated  meanwhile  as  inappreciably  amalL 
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The  work  performed  in  a  given  time  in  overcoming  the  friction 
between  a  pair  of  surfaces  is  the  product  of  that  friction  into  the 
distance  through  which  one  surface  slides  over  the  other. 

When  the  motion  of  one  surface  relatively  to  the  other  consists 
in  rotation  about  an  axis,  the  work  performed  may  also  be  cal- 
culated by  multiplying  the  relative  angvlar  motion  of  the  surfaces 
to  radius  unity  into  the  moment  offrvAion  ;  that  is,  the  product  of 
the  friction  into  its  leverage,  which  is  the  mean  distance  of  the 
rubbing  surfaces  from  the  axis. 

For  a  cylindrical  journal,  the  leverage  of  the  friction  is  simply 
the  radius  of  the  journal 

For  a  JUjA  pivoty  the  leverage  is  two-thirds  of  the  radius  of  the 
pivot 

For  a  collar,  let  r  and  W  be  the  inner  and  outer  radii;  then  the 
leverage  of  the  friction  is 

2    f* /» 

r?^:^ ^^-^ 

For  '' SchiMa  a/nii-friction  pivot"  whose  longitudinal  section  is 
the  curve  called  the  "  tractrix,"  the  moment  of  friction  is/  x  the 
load  X  the  external  radius.  This  is  greater  than  the  moment  for 
an  equally  smooth  flat  pivot  of  the  same  radius;  but  the  anti-fric- 
tion pivot  has  the  advantage,  inasmuch  as  the  wear  of  the  surfaces 
is  uniform  at  every  point,  so  that  they  always  fit  each  other  accu- 
rately, and  the  pressure  is  always  uniformly  distributed,  and  never 
becomes,  as  is  the  case  in  other  pivots,  so  intense  at  certain  points 
as  to  force  out  the  imguent  and  grind  the  surfaces. 

In  the  cup  cmd  ball  pivot,  the  end  of  the  shaft,  and  the  step  on 
which  it  presses,  present  two  recesses  facing  each  other,  into  which 
are  fitted  two  shallow  cups  of  steel  or  hard  bronze.  Between  the 
concave  spherical  surfaces  of  those  cups  is  placed  a  steel  ball,  being 
either  a  complete  sphere,  or  a  lens  having  convex  surfaces  of  a 
somewhat  less  radius  than  the  concave  surfaces  of  the  cups.  The 
moment  of  friction  of  this  pivot  is  at  first  almost  inappreciable, 
frt)m  the  extreme  smallness  of  the  radius  of  the  circles  of  contact 
of  the  ball  and  cups;  but  as  they  wear,  that  radius  and  the  moment 
of  friction  increase. 

By  the  rolling  of  two  surfaces  over  each  other  without  sliding,  a 
resistance  is  caused,  which  is  called  sometimes  ''rolling  friction,*' 
but  more  correctly  rolling  resistance.  It  is  of  the  nature  of  a  covple 
resisting  rotation ;  its  Tuomeni  is  found  by  multiplying  the  normal 
pressure  between  the  rolling  surfaces  by  an  arm  whose  length 
depends  on  the  nature  of  the  rolling  surfaces;  and  the  work  lost 
in  an  unit  of  time  in  overcoming  it  is  the  product  of  its  moment 
by  the  angtUar  velocity  of  the  rolling  sui&ceB  relatively  to  each 

0 
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other.   The  following  are  approximate  values  of  the  arm  in  decimaU 
of  a  foot : — 

Oak  upon  oak, o-oo6  (Coulomb). 

Lignum-vitBB  on  oak, 0*004         — 

Cast-iron  on  cast-iron, o  '00  2  (Tredgold). 

The  work  lost  in  friction  produces  heat  in  the  proportion  of  one 
British  thei-mal  unit,  being  so  much  heat  as  raises  the  temperatui^ 
of  a  pound  of  water  one  degree  of  Fahrenheit,  for  every  772  foot- 
pounds of  lost  work 

The  heat  produced  by  friction,  when  moderate  in  amount,  is 
useful  in  softening  and  liquefying  unguents ;  but  when  excessive, 
it  is  prejudicial  by  decomposing  the  unguents,  and  sometimes  even 
by  softening  the  metal  of  the  bearings,  and  raising  their  tempera- 
ture so  high,  as  to  set  fire  to  neighbouring  combustible  matters. 

Excessive  heating  is  prevented  by  a  constant  and  copious  supply 
of  a  good  unguent.  The  elevation  of  temperature  produced  by  the 
&iction-of  a  journal  is  sometimes  used  as  an  experimental  test  of  the 
quality  of  unguents.  When  the  velocity  of  rubbing  is  about  four 
or  five  feet  per  second,  the  elevation  of  tempeiuture  has  been  found 
by  some  recent  experiments  to  be,  with  good  fatty  and  soapy  un- 
guents, 40°  to  50°  Fahrenheit,  with  good  mineral  unguents  about  30°. 

Ua.  ir«rk  •€  Ac€ei«»iKNi.  {A.  M.,  12, 521-33,536,547,549, 554, 
589,  591,  593,  595-7.V--In  order  that  the  velocity  of  a  body's 
motion  may  be  changea,  it  must  be  acted  upon  by  some  other  body 
with  a  force  in  the  direction  of  the  change  of  velocity,  which  force 
is  proportional  directly  to  the  change  of  velocity,  and  to  the  mass 
of  the  body  acted  upon,  and  inversely  to  the  time  occupied  in  pro- 
ducing the  change.  If  the  change  is  an  acceleration  or  increase  of 
velocity,  let  the  first  body  be  called  the  driven  body,  and  the  second 
the  driving  body.  Then  the  force  must  act  upon  the  driven  body 
in  the  dii^ection  of  its  motion.  Every  force  being  a  pair  of  equid 
and  opposite  actions  between  a  pair  of  bodies,  the  same  force  which 
accelerates  the  driven  body  is  a  resisUmce  as  respects  the  driving 
body. 

For  example,  during  the  commencement  of  the  stroke  of  the 
piston  of  a  steam  engine,  the  velocity  of  the  piston  and  of  its  rod  is 
accelerated ;  and  that  acceleration  is  produced  by  a  certain  part  of 
the  pressure  between  the  steam  and  the  piston,  being  the  excess  of 
that  pressure  above  the  whole  resistance  which  the  piston  has  to 
overcome.  The  piston  and  its  rod  constitute  the  driven  body ;  the 
steam  is  the  driving  body;  and  the  same  part  of  the  pressure  which 
accelerates  the  piston,  acts  as  a  resistance  to  the  motion  of  the 
steam,  in  addition  to  the  resistance  which  would  have  to  be  over- 
come if  the  velocity  of  the  piston  were  uniform. 
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The  resistance  due  to  acceleration  is  computed  in  the  following 
manner : — It  is  known  by  experiment,  that  if  a  body  near  the 
earth's  surface  is  accelerated  bj  the  attraction  of  the  earth, — that 
is,  by  its  own  weight,  or  by  a  force  equal  to  its  own  weight,  its 
velocity  goes  on  continually  increasing  very  nearly  at  the  rate  of 
32 '2  feet  per  second  of  additional  vdocity^for  each  second  during 
vMch  the  force  acts.  This  quantity  varies  in  different  latitudes,  and 
at  different  elevations,  but  the  value  just  given  is  near  enough  to 
the  truth  for  purposes  of  mechanical  engineering.  For  brevity's 
sake,  it  is  usually  denoted  by  the  symbol  g;  so  that  if  at  a  given 
instant  the  velocity  of  a  body  is  Vi  feet  per  second,  and  if  its  own 
weight,  or  an  equal  force,  acts  freely  on  it  in  the  direction  of  its 
motion  for  t  seconds,  its  velocity  at  the  end  of  that  time  will  have 
increased  to 

v^=zvi  +  gt (1.) 

« 

If  the  acceleration  be  at  any  different  rate  per  second,  the  force 
necessary  to  produce  that  acceleration,  being  the  resistance'  on  the 
driving  body  due  to  the  accelercUion  of  the  driven  body,  bears  the  same 
proportion  to  the  driven  body's  weiglvt  which  the  cu:tual  rate  of  accde- 
ration  bea/rs  to  the  rale  of  acceUralion  produced  by  gravity  acting 
ftedy. 

To  express  this  by  symbols,  let  the  weight  of  the  driven  body  be 
denoted  by  W.  Let  its  velocity  at  a  given  instant  be  t^  feet  per 
second ;  and  let  that  velocity  increase  at  an  uniform  rate,  so  that 
at  an  instant  t  seconds  later,  it  is  v%  feet  per  second. 

Let/ denote  the  rate  of  acceleration;  then 

/=^'; (2.) 

and  the  force  It  necessary  to  produce  it  will  be  given  by  the  pro* 
portion, 

5r:/::W:R; 

that  is  to  say, 

B=g=^^-^'> (3.) 

W 

The  £su:tor  — ,  in  the  above  expression,  is  called  the  mass  of  the 

9 
driven  body ;  and  being  the  same  for  the  same  body,  in  what  place 

soever  it  may  be,  is  held  to  represent  the  quantity  of  matter  in  the 

body. 

"W  V 

The  product of  the  mass  of  a  body  into  its  velociiy  at  any 
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instant,  is  called  its  MOMEirruM;  so  that  the  resiBtanoe  dae  to  a 
given  acceleration  is  equal  to  the  increaee  o/momenium  divided  by 
the  time  tohich  that  increase  occupies. 

If  the  product  of  the  force  by  which  a  body  is  acoelerated,  equal 
and  opposite  to  the  resistance  due  to  acceleration,  into  the  time 
during  which  it  acts,  be  called  impui<se,  the  same  principle  may  be 
otherwise  stated  by  saying,  that  the  inerease  of  momentum  is  equal 
to  the  impulse  by  which  it  is  caused. 

If  the  rate  of  acceleration  is  not  constant,  but  variable,  the  force 

B  varies  along  with  it     In  this  case,  the  value,  at  a  given  instant 

d  V 
of  the  rate  of  acceleration,  is  represented  by/  =  -y-r,  and  the  cor- 

responding  value  of  the  force  is 

g        g     dt  ^  ' 

The  WORK  PEBFORMED  in  accelerating  a  body  is  the  product  of 
the  resistance  due  to  the  rate  of  acceleration  into  the  distance 
moved  through  by  the  driven  body  while  the  acceleration  is  going 
on.  The  resistance  is  equal  to  the  mass  of  the  body,  multiplied  by 
the  increase  of  velocity,  and  divided  by  the  time  which  that 
increase  occupies.  The  distance  moved  through  is  the  product  of 
the  mean  velocity  into  the  same  time.  Therefore,  the  work  per- 
foimed  is  equal  to  the  mass  of  the  body  multiplied  by  the  increase 
of  the  velocity,  and  by  the  mean  velocity;  that  ]Ryto  the  mass  of 
the  body,  multiplied  by  the  increase  of  the  half  square  of  its  velocity. 

To  express  this  by  symbols,  in  tiie  case  of  an  uniform  rate  of 
acceleration,  let  s  denote  the  distance  moved  ^hrough  by  the  driven 
tx>dy  during  the  acceleration;  then 

»  =  -^t> (5.) 

which  being  multiplied  by  equation  3,  gives  for  the  work  of  accel- 
eration^ 

•^*=7"-  "~r~'  ~~2~'^~y '"2^ V®-^ 

In  the  case  of  a  variable  rate  of  acceleration,  let  v  denote  the  mean 
velocity,  and  d  s  the  distance  moved  through,  in  an  interval  of  time 
dt  BO  short  that  the  increase  of  velocity  dv  ^  indefinitely  small 
compared  with  the  mean  velocity.     Then 

ds^  vdt) (7.) 
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"wMck  being  mxiltiplied  by  equation  i,  gives  for  the  work  of  accel- 
eration duiing  the  interral  d  t, 

Bid8=z —  • -i—  .  V  di 
g      dt 

=  —    .  vdvx (8.) 

9 

and  the  irOegraiion  of  this  expression  (see  Article  11  a)  gives  for 
the  work  of  acceleration  during  a  finite  interval, 

/Rrf.=:??/«d«=:5^.^-=^ (9.) 

J  g  J  g  2  ^   ^ 

being  the  same  with  the  result  already  arrived  at  in  equation  6. 

From  equation  9  it  appears  that  the  work  performed  m  producing 
a  given  acceleration  depends  on  the  imiioX  amdfiiud  velocities,  v^  and 
Vs,  and  not  on  the  intermediate  changes  o/vdodty. 

If  a  body  &lls  freely  under  the  action  of  gravity  from  a  state  of 
rest  through  a  height  h,  so  that  its  initial  velocity  is  0,  and  its^final 
velocity  v,  the  work  of  acceleration  performed  by  the  earth  on  the 
body  is  simply  the  product  W  A  of  the  weight  of  the  body  into  the 
height  of  falL     Comparing  this  with  equation  6,  we  find — 

This  quantity  is  called  the  height,  or  /aU,  due  to  ihe  vdodty  v ; 
and  from  equations  6  and  9  it  appears  that  ihe  work  performed  in 
producmg  a  given  acceleration  is  the  same  with  that  performed  in 
lifting  the  driven  body  trough  t^ie  difference  of  the  heights  due  to  its 
initial  andjmal  velocities. 

If  work  of  acceleration  is  performed  by  a  prime  mover  upon 
bodies  which  neither  form  part  of  the  prime  mover  itself,  nor  of  the 
machines  which  it  is  intended  to  drive,  that  work  is  lost;  as  when 
a  marine  engine  performs  work  of  acceleration  on  the  water  that  is 
struck  by  the  propeller. 

Work  of  acceleration  performed  on  the  moving  pieces  of  the 
prime  mover  itself,  or  of  die  machinery  driven  by  it,  is  not  neces- 
sarily  lost,  as  wiU  afterwards  appear. 

15.  S«MiiiMUl«B  •f  ir«rfc  •£  Accelcnai«tt-*I!IoBieiit  of  laertia — Be* 

diaced  Inertia.  — If  several  pieces  of  a  machine  have  their  velocities 
increased  at  the  same  time,  the  work  performed  in  accelerating  them 
is  the  sum  of  the  several  quantities  of  work  due  to  the  acceleration 
of  the  respective  pieces;  a  result  expressed  in  83nnbols  by 

:=  { ?  •  ^  ( (>•) 
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IT 
The  process  of  finding  that  sum  is  &cilitatea  and  abridged  iu 

certain  cases  by  special  methods. 

L  AcceUrated  Rotation — Moment  of  Inertia, — Let  a  denote  the 
angular  velocity  of  a  solid  body  rotating  about  a  fixed  axis ; — that 
is,  as  explained  in  Article  5,  the  Telocity  of  a  point  in  the  body 
whose  radius-Tector,  or  distance  from  the  axis,  is  unity. 

Then  the  velocity  of  a  paiticle  whose  distance  from  the  axis 
is  r,  is 

9  =  ar; (2.) 

and  if  in  a  given  interval  of  time  the  angular  velocity  is  accelerated 
from  the  value  ai  to  the  value  a„  the  increase  of  the  velocity  of  the 
particle  in  question  ijs 

«7,  -  Vi  =  r(ag  -  a,) (3.) 

Let  w  denote  the  weight,  and  ^  the  mass  of  the  particle  in  ques- 

9 
tion.     Then  the  work  performed  in  accelerating  it,  being  equal  to 

the  product  of  its  mass  into  the  increase  of  the  half-square  of  its 

velocity,  is  also  equal  to  the  prodtLct  of  its  mass  into  the  sqwire  of  its 

radius-vector,  a/nd  into  the  increase  of  the  half -square  of  the  angvlar 

velocity;  that  is  to  say,  in  symbols, 

g  2  g  I 

To  find  the  work  of  acceleration  for  the  whole  body,  it  is  to  be  con- 
ceived to  be  divided  into  small  particles,  whose  velocities  at  any 
given  instant,  and  also  their  accelerations,  are  proportional  to  their 
distances  from  the  axis ;  then  the  work  of  acceleration  is  to  be  found 
for  each  particle,  and  the  results  added  together.  But  in  the  sum  so 
obtained,  the  increase  of  the  half-square  of  the  angular  velocity  is  a 
common  factor,  having  the  same  value  for  each  particle  of  the  body; 
and  the  rate  of  acceleration  produced  by  gravity,  ^  =  32-2,  is  a 
common  divisor.  It  is  therefore  suflScient  to  oM  together  th^  pro- 
ducts of  the  weight  of  each,  partide  (w)  into  tlie  square  of  its  radius- 
vector  (r^,  and  to  multiply  the  sum  so  obtained  (2  •  w  r*)  by  tJie  in- 
crease of  the  luilf -square  of  Hie  angular  velocity  f  5  (aJ  -  aJ  )j ,  and 
divide  by  the  rate  of  acceleration  due  to  gravity  (g).     The  result, 
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2/^    .    llJJl=^«"^'     .    2«7r« (5.) 

l^  2      J  2g 

is  the  work  of  acceleration  sought.     In  fact,  the  sum  2wf  is  ths 
weight  of  a  body,  whidi,  if  concentrated  at  tlie  distance  unity  from 
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the  axU  qfroUUionj  would  require  tJie  same  work  to  produce  a  given 
increaae  (^angtdar  velocity  which  the  (tcttud  body  requires. 

The  term  moment  of  imiBTiA  is  applied  in  some  writings  to  the 
sum  2  to  r*,  and  in  others  to  the  corresponding  frutse  :iwi*'^g. 
For  purposes  of  mechanical  engineering,  the  sum  2  to  r*  is,  on  the 
whole,  the  most  convenient,  bearing  as  it  does  the  same  relation  to 
angular  acceleration  which  weight  does  to  acceleration  of  linear 
velocity. 

The  Radius  of  Gyration,  or  ifeon  Radius  of  a  rotating  body,  is  a 
line  whose  square  is  the  mean  of  the  squares  of  the  distances  of  its 
particles  from  the  axis;  and  its  value  is  given  by  the  following 
equation : — 

•    e  ^'^ (6.) 

a  w 

so  that  if  we  put  "W  =  2  to  for  the  weight  of  the  whole  body,  the 
moment  of  inertia  may  be  represented  by 

i=we (7.) 

The  following  examples  of  radii  of  gyration  of  bodies  of  different 
figures  rotating  about  their  axes  of  figure  are  extracted  from  a  more 
extensive  table  in  A.  M.,  578 : — 

sou ABE   OF 
FIGUBE  OF  SOLID.  ^^^^^  ^^  GYBATION. 

2r* 
Sphere  of  radius  r, — =— 

2(f*  —  r^ 
Spherical  shell— external  radius  r,  internal  /, — ^-^ — -^ 

Spherical  shell,  insensibly  thin,  radius  f, -o — 

Cylinder  or  flat  circular  disc,  radius  r, -^ 

r»+  /* 
Hollow  cylinder  or  ring,  external  radius  r  'utemal  /,     — -5 — 

Hollow  cylinder  or  ring,  insensibly  thin,  radius  r, r" 

The  square  of  the  radius  of  gyration  of  a  body  rotating  about  an 
axis  which  does  not  traverse  its  centre  of  gravity,  is  equal  to  the 
square  of  its  radius  of  gyration  about  a  parallel  axis  traversing  its 
centre  of  gravity,  added  to  the  square  of  the  distance  between  those 
two  axes.  ^ 

IL  Inertia  Reduced  to  the  Driving  PoinL — ^If  by  tho  principles  of 


X 


/ 
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pture  mechanism  it  is  knomiy  that  in  a  machine,  a  certain  moTing 
piece  whose  weight  is  W,  has  a  velocity  always  bearing  the 
ratio  n :  1  to  the  velocity  of  the  driving  point,  it  is  evident  that 
when  the  driving  point  nndergoes  a  given  acceleration,  the  work 
performed  in  producing  the  corresponding  acceleration  in  the  piece 
in  question  is  the  same  with  that  which  would  have  been  required 
if  a  weight  ti'  W  had  been  concentrated  at  the  driving  point. 

If  a  similar  calculation  be  performed  for  each  moving  piece  in  the 
machine,  and  the  results  added  together,  the  sum 

2-n'W (8.) 

gives  the  weight  which,  being  concentrated  at  the  driving  point, 
would  require  the  same  work  for  a  given  acceleration  of  the  driving 
point  that  the  actual  machine  requires ;  sq  that  if  t^^  is  the  initial, 
and  Va  the  final  velocity  of  the  driving  pointy  the  work  of  accelerar 
tion  of  the  whole  machine  is 


t«  -  t< 


S»*W (9.) 


^9 

This  operation  may  be  called  ihs  redtiction  of  the  inertia  to  th^ 
driving  point,  Mr.  Moseley,  by  whom-  it  was  first  introduced  into 
the  theoiy  of  machines,  calls  the  expression  (8.)  the  "  co-efficient  of 
Readiness,**  for  reasons  which  will  afterwards  appear. 

In  finding  the  reduced  inertia  of  a  machine,  the  mass  of  each 

rotating  piece  is  to  be  treated  as  if  concentrated  at  a  distance  from 

its  axis  equal  to  its  radius  of  gyration  ^ ;  so  that  if  v  represents  the 

velocity  of  the  driving  point  at  any  instant,  and  a  the  corresponding 

ngular  velocity  of  the  rotating  piece  in  question,  we  are  to  make 

n*  =  ^ •• (10.) 

in  performing  the  calcolation  expressed  by  the  formula  (8.) 

16.  Sunmarf  •f  Tari«a«  Kiads  of  ir«fk. — In  order  to  present  at 
one  view  the  symbolical  expression  of  the  various  modes  of  perform- 
ing work  described  in  the  preceding  articles,  let  it  be  supposed  that  in 
a  certain  interval  of  time  d  t  the  driving  point  of  a  machine  moves 
through  the  distance  da;  that  during  the  same  time  its  centre  of 
gravity  is  elevated  through  the  height  dh;  that  resistances,  any 
one  of  which  is  represented  by  fl,  are  overcome  at  points,  the  re- 
spective ratios  of  whose  velocities  to  that  of  the  driving  point  are 
denoted  hjn;  that  the  weight  of  any  piece  of  the  mechanism  is  W,  and 
that  n'  denotes  the  ratio  of  its  velocity  (or  if  it  rotates,  the  ratio  of 
the  velocity  of  the  end  of  its  radius  of  gyration)  to  the  velocity  of 
the  driving  point;  and  that  the  driving  point,  whose  mean  velocity 
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is  V  =  ^'  ^^^^^^^^  ^^  acceleration  dv.    Then  the  whole  uxyrk 
performed  during  the  interval  in  question  is 

rfAS  W  +  d?-2»R  +  E£l  .  Sn«W...(l.) 

y 
The  mean  total  resistance,  reduced  to  the  drMng  point,  may  be 
computed  by  dividing  the  above  expression  by  the  motion  of  the 
driving  point  dssuvdt,  giving  the  following  result: — 

37-2W  +  S«R+^.S»-W (2.) 

SiBcnoir2. — Of  Deviating  and  Centrijugal  Force.  ^^ 


17.  Hevtatliic  VWM  «r  a  fltagle  Body.  (A.  M.,  537.)— It  is  part 
of  the  first  law  of  motion,  that  if  a  body  moves  under  no  force,  or 
balanced  forces,  it  moves  in  a  straight  line.     {A,  M,,  510,  512.) 

It  is  one  consequence  of  the  second  law  of  motion,  that  in  order 
that  a  body  may  move  in  a  curved  path,  it  must  be  continually 
acted  upon  by  an  unbalanced  force  at  right  angles  to  the  direction 
of  its  motion,  the  direction  of  the  force  being  that  towards  which 
the  path  of  the  body  is  curved,  and  its  magnitude  bearing  the  same 
ratio  to  the  weight  of  the  body  that  the  height  due  to  the  body's 
velocity  bears  to  half  the  radius  of  curvature  of  its  path. 

This  principle  is  expressed  symbolically  as  follows : — 

Half  radius  of     Height  doe  Body's  Demting 

cnnratnre.        to  velocity.  weignt.  force. 

^        :        f        ::        W        :        Q  =  ^. (1.) 

2  2^  gr  ^   ' 

In  the  case  of  projectiles  and  of  the  heavenly  bodies,  deviating 
force  is  supplied  by  that  component  of  the  mutual  attraction  of 
two  masses  which  acts  perpendicular  to  the  direction  of  their  rela- 
tive motion.  In  machines,  deviating  force  is  supplied  by  the 
strength  or  rigidity  of  some  body,  which  guides  the  revolving  mass, 
making  it  move  in  a  curve. 

A  pair  of  free  bodies  attracting  each  other  have  both  deviated 
motions,  the  attraction  of  each  guiding  the  other;  and  their  devia- 
tions of  motion  relatively  to  their  common  centre  of  gravity  are 
inversely  as  their  masse& 

In  a  machine,  each  revolving  body  tends  to  press  or  draw  the 
body  which  guides  it  away  from  its  position,  in  a  direction  from 
the  centre  of  cxurvature  of  the  path  of  the  revolving  body;  and  that 
tendency  is  resisted  by  the  strength  and  stifihess  o£  the  guiding 
body,  and  of  the  frame  with  which  it  is  connected 
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18.  CcBtrifagal  Fovce  (A.  M.,  538)  is  the  force  with  which  a 
revolving  bodj  reacts  on  the  body  that  guides  it,  and  is  equal  and 
opposite  to  the  deviating  force  with  which  the  guiding  body  acts 
on  the  revolving  body. 

In  fact,  as  has  been  already  stated,  every  force  is  an  action  be- 
tween two  bodies;  and  deviating  force  and  centrifugal  force  are  but 
two  different  names  for  the  same  force,  applied  to  it  according  as 
the  condition  of  the  revolving  body  or  that  of  the  guiding  body  is 
under  consideration  at  the  time. 

19.  A  Ber«iTing  Pendninm  is  one  of  the  simplest  practical  appli- 
cations of  the  principles  of  deviating  force,  and  is  described  here 
because  its  use  in  regulating  the  speed  of  prime  movers  will  after- 
wards have  to  be  referred  to.  It  consists  of  a 
ball  A,  suspended  &om  a  point  C  by  a  rod  C  A 
of  small  weight  as  compared  with  the  ball,  and 
revolving  in  a  circle  about  a  vertical  axis  C  B 
The  tension  of  the  rod  is  the  resultant  of  the 
weight  of  the  ball  A,  acting  vertically,  and  of  its 
centrifugal  force,  acting  horizontally;  and  there- 
fore the  rod  will  assume  such  an  inclination  that 


Fig.  7. 


height  B  C  _         weight         _  £r 
radius  AB  ""  centrifugal  force       v' " ' "^  '' 


where  r  =  A  B.     Let  T  be  the  wwmber  of  turns  per  second  of  the 

pendulum;  then 

v  =  2TTr; 

and  therefore,  making  B  C  =  A, 


V 


(in  the  latitude  of  London) 


0-8154  foot      9-7848  inches 


.(2.) 


T^  rp 

20.  l>eTlating  F«rce  In  Termi  •£  Angnlav  Telocliy*  {A,  M,,  540.) 
— ^When  a  body  revolves  in  a  circular  path  round  a  fixed  axis,  as 
is  almost  always  the  case  with  the  revolving  parts  of  machines,  the 
radius  of  curvature  of  its  path,  being  the  perpendicular  distance  of 
the  body  fix>m  the  axis,  is  constant ;  and  the  velocity  v  of  the  body 
is  the  product  of  that  radius  into  the  angular  velocity;  or  symboli- 
cally, as  in  Article  5 — 

«;=:ar  =  2«-Tr. 

If  these  values  of  the  velocity  be  substituted  for  v  in  equation  1  of 
Article  17,  it  becomes — 
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^j  =s         =s  ••• (1.) 

9  9  ^   ^ 

21.  BeralniHt  Ceatrilligal  Fmrcc*  {A,  M,y  603.) — The  whole  cen- 
trifugal force  of  a  body  of  any  figure,  or  of  a  system  of  connected 
bodies,  rotating  about  an  axis,  is  the  same  in  ajivount  and  direction 
as  if  the  whole  mass  weie  concentrated  at  the  centre  of  gravity  of 
the  system.  That  is  to  say,  in  the  formula  of  Article  20,  W  is  to 
be  held  to  represent  the  weight  of  the  whole  body  or  system,  and  r 
the  {5erpendicular  distance  of  its  centre  of  gravity  from  the  axis ; 
and  the  line  of  action  of  the  resultant  centrifugal  force  Q  is  always 
parallel  to  r,  although  it  does  not  in  eveiy  case  coincide  vdth  r. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
body  or  system,  the  amount  of  the  centrii'ugal  force  is  nothing; 
that  is  to  say,  the  rotating  body  does  not  tend  to  pull  its  axis  as  a 
whole  out  of  its  place. 

The  centrifugal  forces  exerted  by  the  various  rotating  pieces  of 
a  machine  against  the  bearings  of  their  axles  are  to  be  taJcen  into 
account  in  determining  the  lateral  pressures  which  cause  friction, 
and  the  strength  of  the  axles  and  frsonework. 

As  those  centrifugal  forces  cause  increased  friction  and  stress, 
and  sometimes,  also,  by  reason  of  their  continual  change  of  direc- 
tion, produce  detrimental  or  dangerous  vibration,  it  is  desirable  to 
reduce  them  to  the  smallest  possible  amoimt;  and  for  that  purpose, 
unless  there  is  some  special  reaaon  to  the  contrary,  the  axis  of  ro- 
tation of  every  piece  which  rotates  rapidly  ought  to  traverse  its 
centre  of  gravity,  that  the  resultant  centrifugal  force  may  be  no- 
thing. 

22.  Centrifagal  Conple — Vermmmemt  Aids. — It  is  not,  however, 
sufficient  to  annul  the  effect  of  centrifugal  force,  that  there  should 
be  no  tendency  to  shijl  the  axis  as  a  whole;  there  should  also  be 
no  tendency  to  turn  it  into  a  new  angular  position. 

To  show,  by  the  simplest  possible  example,  that  the  latter  ten- 
dency may  exist  without 
the  former,  let  the  axis  of 
rotation  of  the  system 
shown  in  &g,  8  be  the 
centre  line  of  an  axle  rest- 
ing in  bearings  at  E  and  F. 
At  B  and  D  let  two  arms 
project  perpendicularly  to 
that  axle,  in  opposite  direc- 
tions in  the  same  plane, 
carrying  at  their  extremi-  ^^'  ^' 

ties  two  heavy  bodies  A  and  C.     Let  the  weights  of  the  aims  be 
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inaensible  as  compared  wiUi  the  weights  of  those  bodies;  and  let 
the  weights  of  the  bodies  be  inversely  as  their  distances  from  the 
axis  j  that  is,  let 

A  •  AB  =  C  •  CD. 

Let  A  G  be  a  straight  line  joining  the  centres  of  gntTity  of  A 
and  0,  and  cutting  the  axis  in  G;  then  G  is  the  common  centre  of 
gravity  of  A  and  C,  and  being  in  the  axis,  the  resultant  centrifugal 
force  is  nothing. 

In  other  wordcf,  let  a  be  the  angular  velocity  of  the  rotation; 
then 

The  centrifugal  force  exerted  on  the  axis  by  A 

a»  AAB 

~         9        ' 
The  centrifugal  force  exerted  on  the  axis  by  0 

a'CCD 

7~' 

and  those  forces  are  equal  in  magnitude  and  opposite  in  direction; 
80  that  there  is  no  tendency  to  remove  the  point  G  in  any  direc- 
tion. 

There  is,  however,  a  tendency  to  turn  the  aooia  about  the  point  G, 
being  the  product  of  the  common  magnitude  of  the  couple  of  cen- 
trifugal forces  above  stated,  into  their  leverage ;  that  is,  the  perpen- 
dicular distance  B  D  between  their  lines  of  action.  That  product 
is  called  the  momeni  of  the  centriftigal  couple;  and  is  represented  by 

QBD; (1.) 

Q  being  the  common  magnitude  of  the  equal  and  opposite  centri- 
fugal forcea 

That  couple  causes  a  oouple  of  equal  and  opposite  pressures  of 
the  journals  of  the  axle  against  their  bearings  at  £  and  E,  in  the 
directions  represented  by  the  arrows,  and  of  the  magnitude  given 
by  the  formular— 

Q-P; (2.) 

these  pressures  continually  change  their  directions  as  the  bodies  ' 

A  and  0  revolve;  and  they  are  resisted  by  the  strength  and 
rigidity  of  the  beai-ings  and  frame.  It  is  desirable,  when  practi- 
cable, to  reduce  them  to  nothing ;  and  for  that  purpose,  the  points 
B,  G,  and  D  should  coincide;  in  which  case  the  centre  line  of  the 
axle  E  F  is  said  to  be  a  pertnojierU  axis. 

When  there  are  more  than  two  bodies  in  the  rotating  system^ 
the  centrifugal  couple  is  found  as  follows ;— 
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Let  X  X',  fig.  9,  represent  the  axis  of  rotation ;  G,  the  centre  of 
gravity  of  the  rotating  body  or  system,  situated  in  that  axis ;  so 
that  the  resultant  centrifugal  force  is  nothing. 

Let  W  be  any  one  of  the  parts  of 
whidi  the  body  or  system  is  com- 
posed^ so  that,  the  weight  of  that 
part  being  denoted  by  W,  the 
weight  of  the  whole  body  or  sys- 
tem may  be  denoted  by  2  •  W. 

Let  r  denote  the  perpendicular 
distance  of  the  centre  of  W  from 
the  axis ;  then 


Wo"r 


Fig.  9. 


is  the  centrifugal  force  of  W,  pull- 
ing the  axis  in  the  direction  x  W. 

Assume  a  pair  of  axes  of  co-ordinates,  Q  Z,  G  Y, 
perpendicular  to  X  X'  and  to  each  other,  and  fixed 
relatively  to  the  rotating  body  or  system — ^that  is, 
rotating  along  with  it. 

From  W  let  fidl  W  y  perpendicular  to  the  plane 

of  GX  and  GY,  and  parallel  to  GZ;  also  W«, 
perpendicular  to  the  plane  of  GX  and  GZ,  and 
parallel  to  G  Y ;  and  make 


Fig.  10. 


ajy=sW«  =  y;  a;«  =  Wy  =  «;  Ga;  =  a& 

Then  the  centrifugal  force  which  W  exerts  on  the  axis,  and  which 
is  proportional  to  r,  may  be  resolved  into  two  components,  in  the 
direction  of,  and  proportional  to,  y  and  z  respectively,  viz. : — 

5^J?^  parallel  to  G  Y,  and 
9 


9 


parallel  to  G  Z; 


and  those  two  component  forces,  being  both  applied  at  the  end  of 

the  lever  G  a;  =  a;,  exert  moments,  or  tendencies  to  turn  the  axis 
X  X'  about  the  point  Z,  expressed  as  follows : — 

51^X?,  tending  to  turn  GX  about  GZ  towards  GY; 
9 

^Iff-lf,  tending  to  turn  G  X  about  G  Y  towards  G  Z. 
9 
In  the  same  manner  are  to  be  found  the  several  moments  of  the 
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centrifugal  forces  of  all  the  other  parts  of  which  the  body  or  system 
consists;  and  care  is  to  be  taken  to  distinguish  moments  which 
tend  to  turn  the  axis  tawao'ds  G  Y  or  G  Z  from  those  which  tend  to 
turn  it  from  those  positions,  by  treating  one  of  these  classes  of 
quantities  as  positive,  and  the  other  as  negative. 

Then  by  adding  together  the  positive  moments  and  subtracting 
the  negative  moments  for  all  the  parts  of  the  body  or  system,  are 
to  be  foimd  the  two  sums, 

-  .  S'Wya?;  -  .  S-W«aj> (3.) 

9  9 

which  represent  the  total  tendencies  of  all  the  centrifugal  forces  to 
turn  the  axis  in  the  planes  of  G  Y  and  G  Z  respectively. 

In  fig.  10,  lay  down  G  Y  to  represent  the  former  moment,  and 

G  Z,  perpendicular  to  G  Y,  to  represent  the  latter.     Then  the  diar 

gonal  G  M  of  the  rectangle  G  Z  M  Y  will  represent  the  resultant 
moment  of  what  is  called  the  Centbifugal  Couple,  and  the  direc- 
tion of  that  line  will  indicate  the  direction  in  which  that  couple 
tends  to  turn  the  axis  G  X  about  the  point  G.  Its  value,  and  its 
angidar  position,  are  given  by  the  equations, 


tan,^Y 


.  J(GYV+GZ^);| 

GM  =  GZ-^GY   3  


The  condition  which  it  is  desirable  to  fulfil  in  all  rapidly  rotating 
pieces  of  machines,  that  the  axis  of  rotation  shall  be  a  permanejU 
<ixi8,  is  fulfilled  when  each  of  the  sums  in  the  formula  3  is  nothing; 
that  is,  when 

S-Wyaj=:0  •  S- W«a:  =  0, (5.) 

The  question,  whether  the  axis  of  a  rotating  piece  is  a  permanent 
axis  or  not,  is  tested  experimentally  by  making  the  piece  spin  round 
rapidly  with  its  shaft  resting  in  bearings  which  are  suspended  by 
chains  or  cords,  so  as  to  be  at  liberty  to  swing  to  and  fro.  If  the 
axis  is  not  a  permanent  axis,  it  oscillates ;  if  it  is  a  permanent  axis, 
it  remains  steady. 

The  practical  application  of  those  principles  to  locomotive  engines 
wiU  be  explained  in  the  sequel 

Section  3. — 0/  Effort,  Eriergi/,  Povoer,  and  Efficiency. 

23.  EflTorc  is  a  name  applied  to  a  force  which  acts  on  a  body  in 
the  direction  of  its  motion  {A,  M.,  511). 
If  a  force  is  applied  to  a  body  in  a  direction  making  an  acute 
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angle  ^th  the  direction  of  the  body's  motion,  the  component 
of  that  oblique  force  along  the  direction  of  the  body's  motion  is  an 
effort     That  is  to  say,  in  fig.  11,  let  A  B  represent  the  direction 

in  which  A  is  moving;  let  A  F  repre- 
sent a  force  applied  to  A,  obliquely  to 
that  direction;  from  F  draw  F  P  per- 
pendicular to  A  B;  then  A  P  is  the 
^ort  due  to  the  force  AF.     The  trans-  _       ' 

verse  component  P  F  is  a  UUerdL  forcey 

like  the  transverse  component  of  the  oblique  resisting  force  in 

Article  8. 

To  express  this  algebraically,  let  the  entire  force  A  F  =  F,  the 
effort  XP=  P,  the  lateral  force  PF  =  Q,  and  the  angle  of  obli- 
quity P  A  F  =  ^.    Then 


P  =  F  -cos  tf;") 
Q=F  -sin  ^  j 


(1.) 


24.  Coaditioa  mt  Vnlf^rm  Speed.  {A,  if.,  510,  512,  537.) — ^Ac- 
cording to  the  first  law  of  motion,  in  order  that  a  body  may  move 
uniformly,  the  forces  applied  to  it,  if  any,  must  balance  each  other; 
and  the  same  principle  holds  for  a  machine  consisting  of  any  num- 
ber of  bodies. 

When  the  direction  of  a  body's  motion  varies,  but  not  the  vdociip, 
the  lateral  force  required  to  produce  the  change  of  direction  depend 
on  the  principles  set  forth  in  Section  2;  but  the  condition  of  balance 
stiU  holds  for  the  forces  which  act  cUo'/ig  the  direction  of  the  body's 
motion,  that  is,  for  the  efforts  and  resistances;  so  that,  whether  for 
a  single  body  or  for  a  machine,  the  condition  of  tim/orm  vdodiy  is, 
that  the  ^orts  shall  balcmce  the  resistaitces. 

In  a  machine,  this  condition  must  be  fulfilled  for  each  of  the 
single  moving  pieces  of  which  it  consists. 

It  can  be  sJiown  from  the  principles  of  statics  (that  is,  the  science 
of  balanced  forces),  that  in  any  body,  system,  or  machine,  that  con- 
dition is  fulfilled  when  the  sum  o/tlie  products  of  the  ^orts  into  the 
velocities  of  thdr  respective  points  of  action  is  equal  to  the  sum  of  the 
products  of  the  resistcmces  into  the  velocities  of  the  points  where  they 
are  overcome. 

Thus,  let  V  be  the  velocity  of  a  driving  pointy  or  point  where  an 
effort  P  is  applied ;  v'  the  velocity  of  a  toorMng  point,  or  point  where 
a  resistance  B  is  overcome ;  the  condition  of  uniform  velocity  for  any 
body,  system,  or  machine  is 

s  •  P 1?  =  2  •  B  t/ (1.) 

If  there  be  only  one  driving  point,  or  if  the  velocities  of  all  the 
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driving  points  be  alike,  then  P  being  the  total  effort,  the  tangle 
product  P  V  may  be  pat  in  in  place  of  the  sum  a  *  P  v;  reducing 
the  above  equation  to 

Pv  =  2  •  Rt/ (2.) 

Keferring  now  to  Article  9,  let  the  machine  be  one  in  which  the 
compa/rative  or  proportionate  velocities  of  all  the  points  at  a  given 
instant  are  known  independently  of  their  absolute  velocities,  from 
the  construction  of  the  machine ;  so  that,  for  example,  the  velocity 
of  the  point  where  the  resistance  B  is  overcome  bears  to  that  of 
the  driving  point  the  ratio 

t/ 

then  the  condition  of  uniform  speed  may  be  thus  expressed : — 

P  =  a  •  n  R; (3.) 

that  is,  the  total  effort  u  equal  to  the  sum  of  the  resietanoee  reduced  to 
the  driving  point. 

25,  BBfl«s7— P«c«tiai  BMTgy.  {A.  If.,  514,  517,  593,  660.)— 
Energy  means  capacity  for  performing  work,  and  is  expressed,  like 
work,  by  the  product  of  a  force  into  a  spaoa 

The  energy  of  an  effort,  sometimes  called  "potential  energy  "  (to 
distinguish  it  from  another  form  of  energy  to  be  afterwards  referrod 
to),  is  ihe  product  of  the  effort  into  the  dietance  through  which  U  is 
capable  qfacUng,  Thus,  if  a  weight  of  100  pounds  be  placed  at  an 
elevation  of  20  feet  above  the  ground,  or  above  the  lowest  plane 
to  which  the  circumstances  of  the  case  admit  of  its  descending, 
that  weight  is  said  to  possess  potential  energy  to  the  amount  of 
100  X  20  =  2,000  foot-pounds;  which  means,  that  in  descending 
from  its  actual  elevation  to  the  lowest  point  of  its  course,  the 
weight  is  capable  of  performing  work  to  that  amount. 

T^  take  another  example,  let  there  be  a  reservoir  containing 
10,000,000  gallons  of  water,  in  such  a  position  that  the  centre  of 
gravity  of  the  mass  of  water  in  the  reservoir  is  100  feet  above  the 
lowest  point  to  which  it  can  be  made  to  descend  while  overcoming 
resistance.  Then  as  a  gallon  of  water  weighs  10  lbs.,  the  weight  of 
the  store  of  water  is  100,000,000  lbs.,  which  being  multiplied  by 
the  height  through  which  that  weight  is  capable  of  acting,  100  feet, 
gives  10,000,000,000  foot-pounds  for  the  potential  energy  of  the 
weight  of  the  store  of  water. 

26.  Eqnalitr  9t  Eacvs7  Bzcrtod   and  W«rk  PerfAnBed. — ^Wheu 

an  effort  actually  does  drive  its  point  of  application  through  a 
certain  distance,  energy  to  the  amount  of  the  product  of  the  effort 
into  that  distance  is  said  to  be  exerted;  and  the  potential  energy. 
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or  energy  which  remains  ca/pahle  oflmng  eaxrted^  is  to  that  amount 
diminished. 

When  the  enei^  is  exerted  in  driving  a  machine  at  an  uniform 
speed,  it  is  eqtuU  to  the  xoork  performecL 

To  express  this  algebraicalljy  let  t  denote  the  time  during  which 
the  energy  is  exerted,  v  the  velocity  of  a  driving  point  at  which  an 
effort  P  is  applied,  s  the  distance  through  which  it  is  driven,  t/  the 
velocity  of  any  working  point  at  which  a  resistance  K  is  overcome, 
if  the  distance  through  which  it  is  driven  j  then 

8  =  v  t;  8'=v*t; 

and  multiplying  equation  1  of  Article  24  by  the  time  t,  we  obtain 
the  following  equation : — 

2-Pt?«  =  2«Rt/<  =  2-P«  =  2-R*'; (1.) 

which  expresses  the  equality  of  energy  exerted,  and  work  per- 
formed, for  constant  efforts  and  resistances. 

When  the  efforts  and  resistances  vary,  it  is  sufficient  to  refer  to 
Article  11,  to  show  that  the  same  principle  is  expressed  as 
follows : — 

:&j  Fd8r^2  j  ads'; (2.) 

where  the  symbol  /  expresses  the  operation  of  finding  the  work 

performed  against  a  varying  resistance,  or  the  energy  exerted  by  a 
varying  effort,  as  the  case  may  be;  and  the  symbol  2  expresses  the 
operation  of  adding  together  the  quantities  of  energy  exerted,  or 
work  performed,  as  the  case  may  be,  at  different  points  of  the 
machine. 

27.  Tariom  Factors  of  Eaergr* — A  quantity  of  energy,  like  a 
quantity  of  work,  may  be  computed  by  multiplying  either  a  force 
into  a  distance,  or  a  statical  moment  into  an  angular  motion,  or  the 
intensity  of  a  pressure  into  a  volume.  These  processes  have  already 
been  explained  in  detail  in  Articles  5  and  6. 

28.  The  Eaergr  Kxerted  !■  Prodnctng  Acceleration  {A.  Jf.,  549) 

is  equal  to  the  work  of  acceleration,  whose  amount  has  been  inves- 
tigated in  Articles  14  A  and  15. 

29.  The  Accelerating  Bfl'ort  {A,  Jf.,  554)  by  which  a  given 
increa<3e  of  velocity  in  a  given  mass  is  produced,  and  which  is 
exerted  by  the  driving  body  against  the  driven  hody^  is  equal  and 
opposite  to  the  resistance  due  to  acceleration  which  the  driven 
body  exerts  against  the  driving  body,  and  whose  amount  has  been 
given  in  Articles  14  a  and  15.  Referring,  therefore,  to  equations  4 
and  8  of  Article  14  A,  we  find  the  two  following  expressions,  the  first 
of  which  gives  the  accelerating  effort  required  to  produce  a  given 

D 
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acceleration  dviaa,  body  whose  weight  is  W,  when  the  time  dtin 
which  that  acceleration  is  to  be  produced  is  given,  and  the  second, 
the  same  accelerating  effort,  when  the  distance  de  =  vdtm  which 
the  acceleration  is  to  be  produced  is  given : — 

(1) 


9 

vdv 

•    da  " 

dv 
dt 

W 

•  -     • 

9 

w 

9 

dicf) 

2d  8 

(2.) 

Beferring  next  to  Article  15,  case  1,  we  find  from  equations  5, 
6,  and  7,  that  the  work  of  acceleration  corresponding  to  an  increase 
c^  a  in  ihe  angular  velocity  of  a  rotating  body  whose  moment  of 
inertia  is  I,  is 

l'd{c^     lada 

^9      "      9     ^ 

Let  dthQ  the  timey  and  di^adt  the  cmguhr  motion  in  which 
that  acceleration  is  to  be  produced;  let  P  be  the  accelerating  effort, 
and  I  its  levertige,  or  the  perpendicular  distance  of  its  line  of  action 
from  the  axis;  then,  according  aa  the  time  dt,  or  the  angle  di,ia 
given,  we  have  the  two  following  expressions  for  the  accelercUing 
couple: — 

Pi  =  i.^ (3.) 

9    dt  ^   ^ 

I    ada     I    d^((a^ 
""  ^  '    dt    "  g'  2di ^  '' 

Lastly,  referring  to  Article  15,  case  2,  equation  9,  we  find,  that 
if  a  train  of  mechanism  consists  of  various  parts,  and  if  W  be  the 
weight  of  any  one  of  those  parts,  whose  velocity  t/  bears  to  that  of 

the  driving  point  t'  the  ratio  —  =  ti,  then  the  accelerating  effort 

V 

which  must  be  applied  to  the  driving  point,  in  order  that,  during 
the  interval  dty  in  which  the  driving  point  moves  through  the 
distance  da  =  v  dt^  that  point  may  undergo  the  acceleration  d  v, 
and  each  weight  W  the  corresponding  acceleration  ndvy]s  given 
by  one  or  other  of  the  two  formuhe — 

r-'-^-M- (»•) 

an'W    vdv _  an'W    d{v^ 
"^      g      '   da  ~      g      '  2d» ^*'> 
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30.  W«rk    Daring  BetanUulon — Eacvgr  8i«rcdl    mmd    Wtemund* 

(A.  M.,  528,  549,  550.) — In  order  to  cause  a  given  retardation,  or 
diminution  of  the  velocity  of  a  given  body,  in  a  given  time,  or 
while  it  travei'ses  a  given  distance,  resistance  must  be  opposed  to 
its  motion  equal  to  the  effort  which  would  be  required  to  produce 
in  the  same  time,  or  in  the  same  distance,  an  acceleration  equal  to 
the  retardation. 

A  moving  body,  therefore,  while  being  retarded,  overcomes  re^ 
eistance  and  performs  work;  and  that  work  is  equal  to  the  energy 
exerted  in  producing  an  acceleration  of  the  same  body  equal  tc  the 
retardation. 

It  ia  for  this  reason  that  it  has  been  stated,  in  Article  12,  that 
the  work  performed  in  accelerating  the  speed  of  the  moving  pieces 
of  a  machine  is  not  necessarily  lost;  for  those  moving  pieces,  by 
returning  to  their  original  speed,  are  capable  of  peiforming  an 
equal  amount  of  work  in  overcoming  resistance;  so  that  the  per- 
formance of  such  work  is  not  prevented,  but  only  deferred.  Hence 
energy  exerted  in  acceleration  is  said  to  be  stored;  and  when  by  a 
subsequent  and  equal  retardation  an  equal  amount  of  work  is  per- 
formed, that  energy  is  said  to  be  restor&L 

The  algebraical  expressions  for  the  relations  between  a  retarding 
resistance,  and  the  retardation  which  it  produces  in  a  given  body 
by  acting  during  a  given  time  or  through  a  given  space,  are  ob- 
tained from  the  equations  of  Article  29  simply  by  putting  R,  the 
symbol  for  a  resistance,  instead  of  P,  the  symbol  for  an  effort,  and 
—dv^  the  symbol  for  a  retardation,  instead  oidvy  the  symbol  for 
an  acceleration. 

31.  The  Actaml  Bafl«s7  {A,  If.,  547,  589)  of  a  moving  body  is 
the  work  which  it  is  capable  of  performing  against  a  retarding 
resistance  before  being  brought  to  rest,  and  is  equal  to  the  energy 
which  must  be  exerted  on  the  body  to  bring  it  from  a  state  of  rest 
to  its  actual  velocity.  The  value  of  that  quantity  is  the  product  of 
the  toeight  of  the  body  into  the  height  from  which  it  nrnst  faU  to 
Cbcqidre  Us  actual  velocity;  that  is  to  say, 

^1 <>■) 

The  total  actual  energy  of  a  system  of  bodies,  each  moving  with 
its  own  velocity,  is  denoted  by 

2lW^.     (2.) 

Had  when  those  bodies  are  the  pieces  of  a  machine,  whose  velocities 
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bear  definite  ratios  (any  one  of  which  is  denoted  by  n)  to  the  velo- 
city of  the  driving  point  v,  their  total  actual  energy  is 

^•'"'^' (3) 

being  ihe  product  of  the  reduced  inertia  (or  co-efficient  of  steadiness, 
as  Mr.  Moseley  oalls  it)  ivio  the  height  due  to  the  velocity  of  the 
driving  point. 

The  actxial  energy  of  a  rotating  body  whose  angular  velocity  is  a> 
and  moment  of  inertia  3  W  r*  =  I,  is 

^I.     (4) 

that  is,  the  product  of  the  moment  of  inertia  into  the  height  due  to  tlie 
velocity y  ^  of  a  pointy  whose  distance  from  the  axis  of  rotation  is 
unity. 

When  a  given  amount  of  energy  is  alternately  stored  and  re- 
stored by  alternate  increase  and  diminution  in  the  speed  of  a  ma- 
chine, the  actual  energy  of  the  machine  is  alternately  increased  and 
diminished  by  that  amount 

Actual  eneigy,  like  motion,  is  relative  only.  That  is  to  say,  in 
computing  the  actual  energy  of  a  body,  which  is  the  capacity  it 
possesses  of  performing  work  upon  certain  other  bodies  by  reason 
of  its  motion^  it  is  the  motion  rdativdy  to  those  other  bodies  that  is 
to  be  taken  inte  account 

For  example,  if  it  be  wished  to  determine  how  many  turns  a 
wheel  of  a  locomotive  engine,  rotating  with  a  given  velocity,  would 
make,  before  being  stepped  by  the  friction  of  its  bearings  only,  sup- 
posing it  lifted  out  of  cont^  with  the  rails, — the  actual  energy  of 
that  wheel  is  te  be  taken  relatively  to  Hie  frame  of  the  engine  to 
which  those  bearings  are  fixed,  and  is  simply  the  actual  energy  due 
te  the  rotation.  But  if  the  wheel  be  supposed  te  be  detached  from 
the  engine,  and  it  is  inquired  how  high  it  will  ascend  up  a  perfectly 
smooth  inclined  plane  before  being  stopped  by  tlie  attraction  of  the 
earth,  then  its  actual  energy  is  te  be  taken  relatively  to  the  earth; 
that  is  te  say,  te  the  energy  of  rotation  already  mentioned,  is  te  be 
added  the  enei^  due  te  the  translation  or  forward  motion  of  the 
wheel  along  with  its  axis. 

32.  A  ReciprocaUng  F«rce  {A,  M.,  55Q)  is  a  force  which  acts 
alternately  as  an  effort  and  as  an  equal  and  opposite  resistance^ 
according  te  the  direction  of  motion  of  the  body.  Such  a  force  is 
the  weight  of  a  moving  piece  whose  centre  of  gravity  alternately 
rises  and  fioills  j  and  such  is  the  elasticity  of  a  perfectly  elastic  body. 
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The  work  "which  a  body  performs  in  moving  against  a  reciprocating 
force  is  employed  in  increasing  its  own  potential  enei'gy,  and  is  not 
lost  by  the  body;  so  that  by  the  motion  of  a  body  alternately 
against  and  with  a  reciprocating  force,  energy  is  stored  and  re- 
stored,  as  well  as  by  alternate  acceleration  and  retardation. 

Let  2  W  denote  the  weight  of  the  whole  of  the  moving  pieces 
of  any  machine,  and  h  a  height  through  which  the  common  centre 
of  gravity  of  them  all  is  alternately  raised  and  lowered.  Then  the 
quantity  of  energy —  A  x  W 

is  stored  while  the  centre  of  gravity  is  rising^  and  restored  while  it 
is  falling. 

These  principles  are  illustrated  by  the  action  of  the  plungers  of 
a  single  acting  pumping  steam  engine.  The  weight  of  those 
plungers  acts  as  a  resistance  while  they  are  being  lifted  by  the 
pressure  of  the  steam  on  the  piston;  and  the  same  weight  acts  as 
effort  when  the  plungers  descend  and  drive  before  them  the  water 
with  which  the  pump  barrels  have  been  filled.  Thus,  the  energy 
exerted  by  the  steam  on  the  piston  is  stored  during  the  up-stroke 
of  the  plungers ;  and  during  their  down-stroke  the  same  amount  of 
energy  is  restored,  and  employed  in  performing  the  work  of  raising 
water  and  overcoming  its  friction. 

33.  Periodical  Motion.  (A.  M.,  553.) — If  a  body  moves  in  such 
a  manner  that  it  periodically  retiu^s  to  its  original  velocity,  then 
at  the  end  of  each  period,  the  entire  variation  of  its  actual  energy 
is  nothing;  and  if,  during  any  part  of  the  period  of  motion,  energy 
hajs  been  stored  by  acceleration  of  the  body,  the  same  quantity  of 
energy  exactly  must  have  been  during  another  part  of  the  period 
restored  by  retardation  of  the  body. 

K  the  body  also  returns  in  the  course  of  the  same  period  to  the 
same  position  relatively  to  all  bodies  which  exert  reciprocating 
forces  on  it — for  example,  if  it  returns  periodically  to  the  same 
elevation  relatively  to  the  earth's  surface — any  quantity  of  energy 
which  has  been  stored  duiing  one  part  of  the  period  by  moving 
against  reciprocating  forces  must  have  been  exactly  restored  during 
another  part  of  the  period. 

Hence  cU  the  end  of  each  period,  the  eqiudity  of  energy  and  work, 
and  the  balance  of  mean  effort  and  mean  resistance,  Jiolda  with 
respect  to  the  driving  effort  and  the  resistances,  exactly  as  if  the  speed 
were  uniform,  and  the  reciprocating  forces  nvll;  and  all  the  equa- 
tions of  Articles  24  and  26  are  applicable  to  periodic  motion,  pro- 
vided that  in  the  equations  of  Article  24,  and  equation  1  of  Ai-ticle 
2^,  P,  R,  and  v  are  held  to  denote  the  mean  values  of  the  efforts, 
resistances,  and  velocities, — that  s  and  d  are  held  to  denote  spaces 
moved  through  in  one  or  more  erUire  periods, — and  that  in  equa- 


38  INTRODUCnOK. 

tion  2  of  Article  26,  the  integrations  denoted  by    T  be  held  to 

extend  to  one  or  more  entire  periods. 

These  principles  are  illustrated  hj  the  steam  engine.  The  velo- 
cities of  its  moving  parts  are  continually  varying,  and  those  of 
some  of  them,  such  as  the  piston,  are  periodically  reversed  in  direc- 
tion. But  at  the  end  of  each  period,  called  a  reiooLvlion^  or  double- 
stroke,  every  part  returns  to  its  original  position  and  velocity ;  so 
that  the  eqtudity  of  energy  and  tvork,  and  the  equality  of  the  mean 
effort  to  tJie  mean  resistance  reduced  to  the  driving  pointy — that  is, 
the  equality  of  the  mean  effective  pressure  of  the  steam  on  the  pis- 
ton to  the  mean  total  resistance  reduced  to  the  piston — ^hold  for 
one  or  any  whole  number  of  complete  revolutions,  exactly  as  for 
imiform  speed. 

It  thus  appears  that  there  are  two  fundamentally  different  ways 
of  considering  a  periodically  moving  machine,  each  of  which  must 
be  employed  in  succession^  in  order  to  obtain  a  complete  knowledge 
of  its  working. 

I.  In  the  first  place  is  considered  the  action  of  the  machine 
during  one  or  more  whole  periods,  with  a  view  to  the  determina- 
tion of  the  relation  between  the  mean  resistances  and  mean  efforts, 
and  of  the  efficiency;  that  is,  the  ratio  which  the  useful  part  of 
its  work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
eveiy  ordinary  machine  is  either  uniform  or  periodical. 

II.  In  the  second  place  is  to  be  considered  the  action  of  tlie 
machine  during  intervals  of  time  less  than  its  period,  in  order  to 
determine  the  law  of  the  periodic  changes  in  the  motions  of  the 
pieces  of  which  the  machine  consists,  and  of  the  periodic  or  recip- 
rocating forces  by  which  such  changes  are  produced. 

34.  siartiDg  aad  Slopping.  {A,  if.,  691.) — The  starting  of  a 
machine  consists  in  setting  it  in  motion  from  a  state  of  rest,  and 
bringing  it  up  to  its  proper  mean  velocity.  This  operation  requires 
the  exertion,  besides  the  energy  required  to  overcome  the  mean  re- 
sistance, of  an  additional  quantity  of  enei^y  equal  to  the  actual 
energy  of  the  machine  when  moving  with  its  mean  velocity,  as  found 
according  to  the  principles  of  Article  31. 

If,  in  order  to  stop  a  machine,  the  effort  of  the  prime  mover  is 
simply  suspended,  the  macliine  will  continue  to  go  until  work  has 
been  performed  in  overcoming  resistances  equal  to  the  actual  energy 
due  to  the  speed  of  the  machine  at  the  time  of  suspending  the  effort 
of  the  prime  mover. 

In  order  to  diminish  the  time  required  by  this  operation,  the 
resistance  may  be  increa.sed  by  means  of  the  friction  of  a  brake. 
Brakes  will  be  further  described  in  the  sequel. 

35.  The  JBacicBcy  of  a  machine  {A,  M,,  660,  664)  has  already 
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been  defined  to  be  a  fraction  expressing  the  ratio  of  the  useful 
work  to  the  whole  work  performed,  which  is  equal  to  the  energy 
expended.  The  limit  to  the  efficiency  of  a  machine  is  unity ,  denot- 
ing the  efficiency  of  a  perfect  machine  in  which  no  work  is  lost 
The  object  of  improvements  in  machines  is  to  bring  their  efficiency 
as  near  to  unity  as  possible. 

As  to  useful  and  lost  work,  see  Article  12.  The  algebraical  ex- 
pression of  the  efficiency  of  a  machine  having  uniform  or  periodical 
motion,  is  obtained  by  introducing  the  distinction  between  useful 
and  lost  work  into  the  equations  of  the  conservation  of  energy.  Thus, 
let  P  denote  the  mean  eflfort  at  the  driving  point,  8  the  space  de- 
scribed by  it  in  a  given  interval  of  time,  being  a  whole  number  of 
periods  or  revolutions,  R,  the  mean  useful  resistance,  8^  the  space 
through  which  it  is  overcome  in  the  same  interval,  E,  any  one  of 
the  prejudicial  resistances,  8^  the  space  through  which  it  is  over- 
come; then 

P«  =  I^j?i  +  2  -R,*,; (1.) 

and  the  efficiency  of  the  machine  is  expressed  by 

P«  ""R,  *, +  2-R.*, ^  '^ 

In  many  cases  the  lost  work  of  a  machine,  Rg  Sg,  consists  of  a  con- 
stant part,  and  of  a  part  bearing  to  the  useful  work  a  proportion 
depending  in  some  definite  manner  on  the  sizes,  figures,  arrange- 
ment, and  connection  of  the  pieces  of  the  train,  on  which  also  de- 
pends the  constant  part  of  the  lost  work.  In  such  cases  the  whole 
energy  expended  and  the  efficiency  of  the  machine  are  expressed  by 
the  equations 

P«  =  (l+A)Ri«i+Br 

Ri^i  1 


«■",...     B 


1+A  + 


Ri  «i 


(3.) 


and  the  first  of  these  is  the  mathematical  expression  of  what  Mr. 
Moseley  calls  the  "  modulus*'  of  a  machine. 

The  useful  work  of  an  intermediate  piece  in  a  train  of  mechanism 
consists  in  driving  the  piece  which  follows  it,  and  is  less  than  the 
energy  exerted  upon  it  by  the  amount  of  the  work  lost  in  overcom- 
ing its  own  friction.  Hence  the  efficiency  of  such  an  intermediate 
piece  is  the  ratio  of  the  work  performed  by  it  in  driving  the  follow- 
ing piece,  to  the  energy  exerted  on  it  by  the  preceding  piece;  and  it 
is  evident  that  the  efficiency  of  a  madiine  is  the  product  of  tlie  effi- 
ciencies of  the  series  qjf  moving  pieces  whiclh  transmit  en/&rgy  from  the 
drvoing  point  to  the  working  poitiL 


40  INTRODUCnOV. 

The  same  principle  applies  to  a  train  of  tueeessive  madiineSf  each 
driving  that  which  follows  it 

36.  Power  mud  EiTeci— H«ne-P«wcr. — The  power  of  a  machine 
is  the  energy  exerted,  and  the  effect,  the  useful  work  performed,  in 
some  interval  of  time  of  definite  length,  such  as  a  second,  a  minute, 
an  hour,  or  a  day. 

The  unit  of  power  called  conventionally  a  haree-power,  is  550 
foot-pounds  per  second,  or  33,000  foot-pounds  per  minute,  or 
1,980,000  foot-pounds  per  hour.  The  effect  is  equal  to  the  power 
multiplied  by  the  efficiency.  The  loss  of  power  is  the  difference 
between  the  effect  and  the  power.     (See  also  Article  3.) 

37.  Oeneni  E«n«ti«B. — ^The  following  general  equation  presents 
at  one  view  the  principles  of  the  action  of  machines,  whether  mov- 
ing uniformly,  periodically,  or  otherwise : — 

where  W  is  the  weight  of  any  moving  piece  of  the  machine ; 

A,  when  positive,  the  elevation,  and  when  negative,  the  depres- 
sion, which  the  common  centre  of  gravity  of  all  the  moving  pieces 
undei*goes  in  the  interval  of  time  under  consideration ;  v,  the  velo- 
city at  the  beginning,  and  t?,  the  velocity  at  the  end,  of  the  interval 
in  question,  with  which  a  given  particle  of  the  machine  of  the 
weight  W  is  moving ; 

g,  the  acceleration  which  gravity  causes  in  a  second,  or  32*2  feet 
per  second; 

j  B,  d  s^,  the  work  performed  in  overcoming  any  resistance 

during  the  interval  in  question ; 

F  d  8,  the  energy  exerted  during  the  interval  in  question. 

ie  second  and  third  terms  of  the  right  hand  side,  when  positive, 
are  energy  stored;  when  negative,  energy  restored. 

The  principle  represented  by  the  equation  is  expressed  in  words 
as  follows : — 

77i«  energy  exerted,  added  to  the  energy  restored,  is  equal  to  the 
energy  stored  added  to  the  work  performed. 

Section  4. — 0/ Dynamometers. 

38.  l^yimmoaictcn  are  instruments  for  measuring  and  recording 
the  energy  exerted  and  work  performed  by  machines.  They  may 
be  classed  as  follows : — 

L  Instnxments  which  merely  indicate  the  force  exerted  between 
a  driving  body  and  a  driven  body  leaving  the  distance  through 
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"wliicli  that  force  is  exerted  to  be  observed  independently.  The 
foUowing  are  examples  of  this  class : — 

a.  The  weight  of  a  solid  body  may  be  so  suspended  as  to  balance 
the  resistance  to  be  overcome,  as  in  Mr.  Scott  BusselFs  experi- 
ments on  the  resistance  of  canal  boats,  published  in  the  Transae- 
tions  of  the  Royal  Society  of  Edinburghy  voL  xiv. 

6.  The  weight  of  a  column  of  liquid  may  be  employed  to  balance 
and  measure  the  effort  required  to  drag  a  carriage  or  other  body, 
as  in  the  mercurial  dynamometer  invented  by  Mr.  John  Milne  of 
Edinburgh. 

c.  The  available  energy  of  a  prime  mover  may  be  wholly  ex- 
pended in  overcoming  friction,  the  magnitude  of  which  is  measured 
by  a  weight,  as  in  Prony's  dynamometer,  to  be  afterwards  more 
particularly  described. 

d,  A  spring  balance  may  be  interposed  between  a  prime  mover 
and  a  body  whose  resistance  it  overcomes,  so  as  to  indioate  at  each 
instant  the  magnitude  of  that  resistance. 

'^II.  Instruments  which  record  at  once  the  forcBj  motion,  and 
work  of  a  machine,  by  drawing  a  line,  straight  or  curved,  as  the 
case  may  be  (such  as  that  shown  in  fig.  3,  Article  11)  whose 
abscissae  represent  on  a  suitable  scale  the  distances  moved  through, 
its  ordinates  the  corresponding  resistances  overcome,  and  its  area 
the  work  performed. 

A  dynamometer  of  this  class  consists  essentially  of  two  principal 
parts  :  a  spring  whose  deflection  indicates  the  force  exerted  between 
a  driving  body  and  a  driven  body,  and  a  band  of  paper,  or  a  card, 
moving  at  right  angles  to  the  direction  of  deflection  of  the  spring 
with  a  velocity  bearing  a  known  constant  pro|x>rtion  to  the  velo- 
city with  which  the  resistance  is  overcome.  The  spring  carries  a 
pen  or  pencil,  which  marks  on  the  paper  or  card  the  required  line. 
The  following  examples  of  this  class  of  instruments  will  be  do- 
scribed  in  the  sequel: — 

a,  Morin's  Traction  Dynamometer. 

6.  Morin's  Eotatory  Dynamometer. 

c    Watt  and  M'Naught's  Steam  Engine  Indicator. 

III.  Instruments  which  record  the  work  performed,  but  not  the 
resistance  and  motion  separately. 

39.  PreBy**  Frictioa  Dyaam^aicUir     ^    a        *  ^ 

measures  the  useful  work  performed 

by  a  prime  mover,  by  causing  the 

whole  of  that  work  to  be  expended 

in  overcoming  the  friction  of   a 

brake.     In  fig.  12,  A  represents  a  j.j    ^2. 

cylindrical    drum,  driven   by  the 

prime  mover.     The  block  D,  attached  to  the  lever  B  C,  and  tho 
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smaller  blocks  with  which  the  chain  E  is  shod,  form  a  brake  which 
embraces  the  drum,  and  which  is  tightened  by  means  of  the  screws 
Fy  F,  until  its  friction  is  sufficient  to  cause  the  drum  to  rotate  at 
an  uniform  speed.  The  end  C  of  the  lever  .carries  a  scale  G,  in 
which  weights  are  placed  to  an  amount  just  sufficient  to  balance 
the  friction,  and  keep  the  lever  horizontal  The  lever  ought  to  be 
so  loaded  at  B  that  when  there  are  no  weights  in  the  scale,  it  shall 
be  balanced  upon  the  axis.  The  lever  is  prevented  from  deviating 
to  any  inconvenient  extent  from  a  horizontal  position  by  means  of 
safety  stops  or  guards  H,  K. 

The  weight  of  the  load  in  the  scale  which  balances  the  friction 
being  multiplied  into  the  horizontal  distance  of  the  point  of  suspen- 
sion 0  from  the  axis,  gives  the  mcyiMfnt  offrictiony  which  being 
multiplied  into  the  angular  velocity  of  the  drum,  gives  the  raU  of 
useful  vyork  or  effective  power  of  the  prime  mover. 

As  the  whole  of  that  power  is  expended  in  overcoming  the  fric- 
tion between  the  drum  and  the  brake,  the  heat  produced  is  in 
general  considerable;  and  a  stream  of  water  must  be  directed  on 
the  rubbing  surfaces  to  abstract  that  heat 

The  friction  dynamometer  is  simple  and  easily  made ;  but  it  is 
ill  adapted  to  measure  a  variable  effort ;  and  it  requires  that  when 
the  power  of  a  prime  mover  is  measured,  its  ordinaiy  work  should 
be  inteiTupted,  which  is  inconvenient  and  sometimes  impracticable. 

40.    norla*«  Tvactloa  DTBunaaieier. — The   descriptions    of  this 

and  some  other  dynamometers  invented  by  General  Morin  are 
abridged  from  his  works  entitled  Sur  qudques  Appareils  di/namo- 
nietriques  and  Nolums  fondaTnerUales  de  Mecanique, 

Fig.  13  is  a  plan  and  fig.  13  a  an  elevation  of  a  dynamometer  for 
recording  by  a  diagram  the  work  of  dragging  a  load  horizontally. 
a  a,  bbf  are  a  pair  of  steel  springs,  through  which  the  tractive 
force  is  transmitted,  and  which  serve  by  their  deflection  to  measure 
that  force.  They  are  conuected  together  at  the  ends  by  the  steel 
links  /,/.  The  effort  of  the  prime  mover  is  applied,  through  the 
link  r,  to  the  gland  d,  which  is  fixed  on  the  middle  of  the  fore- 
most spring;  ^e  equal  and  opposite  resistance  of  the  vehicle  is 
applied  to  the  gland  c,  which  is  fixed  on  the  middle  of  the  after- 
most spring.  When  no  tractive  force  is  exerted,  the  inward  (sucea 
of  the  springs  are  straight  and  parallel ;  when  a  force  is  exerted, 
the  springs  are  bent,  and  are  drawn  apart,  through  a  distance  pro- 
portional to  the  force.  The  springs  are  protected  against  being 
bent  so  far  as  to  injure  them  by  means  of  the  safety  bridles  t,  t, 
with  their  bolts  e,  e.  Those  bridles  are  carried  by  the  after-gland, 
and  their  bolts  serve  to  stop  the  foremost  spring  when  it  is  drawn 
forward  as  far  as  is  consistent  with  the  preservation  of  elasticity 
and  strength. 
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The  ftame  of  the  apparatus  for  giving  motion  to  the  paper  band 


Fig.  13  a. 


is  carried  by  the  after-gland  The  principal  parts  of  that  apparatus 
are  the  following : — 

I,  store  drum  on  which  the  paper  band  is  rolled  before  the  com- 
mencement of  the  experiment,  and  off  which  it  is  drawn  as  the 
experiment  proceeds ; 

g,  taking-np  drum,  to  which  one  end  of  the  paper  band  is  glued, 
and  which  draws  along  and  rolls  up  the  paper  band  with  a  velocity 
proportional  to  that  of  the  vehicle.  Fixed  on  the  axis  of  this  dnim 
is  a  fusee  having  a  spiral  groove  round  it,  whose  radius  gradually 
increases  at  the  same  rate  as  that  at  which  the  effective  radius  of 
the  drum  g  is  increased  during  its  motion  t^  the  rolling  of  succes- 
sive coils  of  paper  upon  it.  The  object  of  this  is  to  prevent  that 
increase  of  the  effective  radius  of  Ihe  drum  from  accelerating  the 
speed  of  the  paper  band;  ,' 

n  is  a  drum  which  receives  through  a  train  of  wheelwork  and 
endless  screws,  a  velocity  proportional  to  that  of  the  wheels  of  the 
vehicle,  and  which,  by  means  of  a  cord,  drives  the  fusee.  The 
mechanism  is  usually  so  designed  that  the  paper  moves  at  one- 
fiitieth  of  the  speed  of  the  vehicla 

Between  the  drums  t  and  g,  there  are  three  small  rollers  to  sup- 
port the  paper  band  and  keep  it  steady. 

One  of  the  safety  bridles  carries  a  pencil  &,  which,  being  at  rest 


44  nn^RODUcnoK. 

relatively  to  the  frame  of  the  recording  apparatus,  traces  a 
straight  line  on  the  band  of  paper  as  the  latter  travels  below 
the  pencil.  That  line  is  called  the  zero  line,  and  corresponds  to 
O  X  in  fig.  3. 

An  arm  fixed  to  the  forward  gland  carries  another  pencil,  whose 
position  is  adjusted  before  the  experiment,  so  that  when  there  is 
no  tractive  force  its  point  rests  on  the  zero  Una  During  the  ex- 
periment, this  pencil  traces  on  the  paper  band  a  line  such  as 
E  K  G,  fig.  3,  whose  ordinate  or  distance  from  any  given  point  in 
the  zero  line  is  the  deflection  of  the  pair  of  springs,  and  propor^ 
tional  to  the  tractive  force,  at  the  corresponding  point  in  the  jour- 
ney of  the  vehicle. 

The  areas  of  the  diagrams  drawn  by  this  apparatus,  representing 
quantities  of  work,  may  be  found  either  by  the  method  described 
in  Articles  11,  11  A,  or  by  an  instrument  for  measuring  the  areas  of 
plane  figures,  called  the  Flanimetery  of  which  various  forms  have 
been  invented  by  M.  Ernst,  Mr.  Edward  Sang,  and  Professor 
Clerk  Maxwell. 

A  third  pencil,  actuated  by  a  clock,  is  sometimes  caused  to  mark 
a  series  of  dote  on  the  paper  band  at  equal  intervals  of  time,  and 
so  to  record  the  changes  of  velocity. 

When  one  vehicle  (such  as  a  locomotive  engine)  drags  one  or 
more  others,  the  apparatus  may,  if  convenient,  be  turned  hind  side 
before,  and  carried  by  the  foremost  vehicle.  In  such  a  case  the 
motion  of  the  band  of  paper  ought  to  be  derived,  not  from  a  driving 
wheel,  which  is  liable  to  slip,  but  from  a  training  wheel. 

When  the  apparatus  is  used  to  i^cord  the  tractive  force  and 
work  performed  in  towing  a  vessel,  the  apparatus  for  moving  the 
paper  band  may  be  driven  by  means  of  a  wheel  or  fan,  acted  upon 
by  the  water;  in  which  case,  the  ratio  of  the  velocity  of  the  band 
to  that  of  the  vessel  should  be  determined  by  experiment. 

Owing  to  the  varieties  which  exist  in  the  elasticity  of  steel,  the 
relation  between  the  deflections  of  the  springs  and  the  tractive 
forces  can  only  be  roughly  calculated  beforehand,  and  should  be 
determined  exactly  by  direct  experiment — that  is,  by  hanging 
known  weights  to  the  springs  and  noting  the  deflections. 

The  best  form  of  longitudinal  section  for  each  spring  is  that 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  con- 
sists of  two  parabolas,  having  their  vertices  at  the  two  ends  of  the 
spring,  and  meeting  base  to  base  in  the  middle — ^that  is  to  say,  the 
thickness  of  the  spring  at  any  given  point  of  its  length  shoiild  be 
proportional  to  the  square  root  of  the  distance  of  that  point  from 
the  nearest  end  of  the  spring.     To  express  this  by  a  formula,  let 

c  be  the  half-length  of  the  spring; 

h  the  thickness  in  the  middle; 
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X  the  distance  of  any  point  in  the  spring  from  the  end  nearest 
to  it; 

^'<the  thickness  at  that  point;  then 


■•=»v? 


,(1.) 


The  breadth  of  each  spring  should  be  uniform,  and,  according  to 
General  Monn,  should  not  exceed  from  1^  to  2  inches.  Let  it  be 
denoted  by  b. 

The  following  is  the  formula  for  calculating  beforehand  the  pro- 
hahle  joint  deflection  of  a  given  pair  of  springs  under  a  given  trac- 
tive force : — 

Let  the  dimensions  e,  ^  5,  be  stated  in  inches,  and  the  force  P 
in  pounds. 

Let  y  denote  the  deflection  in  inches. 

Let  E  denote  the  modulus  of  elasticity  of  steel,  in  pounds  on  the 
square  inch.  Its  value,  for  different  specimens  of  steel,  varies  from 
29,000,000  to  42,000,000,  the  smaller  values  being  the  most  com- 
moa     Then 

8Pc» 


y  = 


E6A» 


.(2.) 


The  deflection  should  not  be  permitted  to  exceed  about  one- 
tenth  part  of  the  length  of  the  springs. 

41.  HEorin**  B«iatM7  tkjmmmwmtfim  is  represented  in  figs.  14,  14  a, 


Fig;  14. 


Fig.  14  a. 


and  is  designed  to  record  the  work  performed  by  a  prime  mover  in 
transmitting  rotatoiy  motion  to  any  machine.     A  is  a  £i5t  pulley, 
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and  0  a  loose  pulley^  on  the  same  shaft.  A  belt  transmits  motion 
from  the  prime  mover  to  one  or  other  of  those  pulleys  according  as 
it  is  desired  to  transmit  motion  to  the  shaft  or  not 

A  third  pulley,  B,  on  the  same  shaft,  carries  the  belt  which 
transmits  motion  to  the  machine  to  be  driven.  This  pulley  is  also 
loose  on  the  shaft  to  a  certain  extent,  so  that  it  is  capable  of  mov- 
ing relatively  to  the  shaft,  backwards  and  forwards  through  a  small 
arc,  sufficient  to  admit  of  the  deflection  of  a  steel  spring  by  which 
motion  is  transmitted  from  the  shaft  to  the  pulley. 

One  end  of  that  spring  is  fixed  to  the  shafb,  so  that  the  spring 
projects  from  the  shaft  like  an  arm,  and  rotates  along  with  it. 
The  other  end  of  the  spring  is  connected  with  the  pulley  B  near  its 
circumference,  and  is  the  means  of  driving  that  pulley;  so  that  the 
spring  undergoes  deflection  proportional  to  the  eflbrt  exerted  by 
tne  shafb  on  the  pulley. 

A  frame  projecting  radially  like  an  arm  from  the  shaft,  and 
rotating  along  with  it,  carries  an  apparatus  similar  to  that  used  in 
the  traction  dynamometer,  for  making  a  band  of  paper  move  radi- 
ally with  respect  to  the  shaft  with  a  velocity  proportional  to  the 
speed  with  which  the  shafb  rotates.  A  pencil  carried  by  this  frame 
traces  a  zero  line  on  the  paper  band;  and  another  pencil  carried 
by  the  end  of  the  spring,  traces  a  line  whose  ordinates  represent 
the  forces  exerted,  just  as  in  the  traction  dynamometer. 

The  mechanism  for  moving  the  paper  band  is  driven  by  a  toothed 
ring  surrounding  the  shafb,  and  kept  at  rest  while  the  shaft  rotates 
by  means  of  a  catch.  When  that  catch  is  drawn  back,  the  toothed 
ring  is  set  free,  rotates  along  with  the  shaft,  and  ceases  to  drive 
the  mechanism;  and  thus  the  motion  of  the  paper  band  can  be 
stopped  if  neoessaiy. 

42.  norlM'ii  iMtesnuiMC  ]»7BBm«metcm  record  simply  the  work 
performed  in  dragging  a  vehicle  or  driving  a  machine,  without  re- 
cording separately  the  force  and  the  motion.  The  general  principle 
of  the  method  by  which  this  is  effected  is  shown  by  fig.  15,  in 

which  A  represents  a  plane  circular 
disc,  made  to  rotate  with  an  angular 
velocity  proportional  to  the  speed  of 
— ^  the  motion  of  the  vehicle  or  machine, 
and  B  a  small  wheel  driven  by  the 
friction  of  the  disc  against  its  edge, 
Fjg.  15.  and  having  its  axis  parallel  to  a 

radius  of  the  disc.  The  wheel  B, 
and  some  mechanism  which  it  drives,  are  carried  by  a  frame 
which  is  carried  by  one  of  the  dynamometer  springs,  and  so  ad- 
justed that  the  distance  of  the  edge  of  B  from  the  centre  of  A  is 
equal  to  the  deflection  of  the  springs,  and  proportional  to  the  eflbrt 
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The  velocity  of  the  edge  of  B  at  aoy  instant  being  the  product 
of  its  distance  from  the  centre  of  A  into  the  angular  velocity  of  A, 
i«  proportional  to  the  product  of  the  effort  into  the  velocity  of  the 
vehicle  or  machine — that  is,  to  the  rate  at  which  work  w  performed; 
therefore  the  motion  of  the  wheel  B,  in  any  interval  of  time,  ia 
proportioTUd  to  the  vxirk  pwfvrmtd  in  thai  time;  and  that  work  can 
be  recorded  by  means  of  dial  plates,  with  indexes  moved  by  a  train 
of  wh«elwork  driven  by  the  wheel  B. 

43.  iMJtfUr— AFFHgMt"  ••  Aa  stoiai  Enstoc. — This  instrument 
was  invented  by  Watt,  and  has  since  been  improved  by  other  in- 
ventoni,  and  eepecially  by  Mr.  M'Nuught.  Its  object  is  to  record, 
by  means  of  a  diagram,  the  intensity  of  the  pressure  exerted  by 
eteam  against  one  of  the  faces  of  a  piston  at  each  point  of  the  pis- 
ton's motion,  and  so  to  afford  the  means  of  computing,  according 
to  the  principles  of  Article  6  and  Article  11,  first,  the  energy 
exerted  by  the  steam  in  driving  the  piston  during  the  forward 
stroke  ;  secondly,  the  work  tost  by  the  piston  in  expelling  the 
steam  from  the  cylinder  daring  the  return  stroke  j  and  thirdly,  the 
difference  of  these  qnontities,  which  is  the  available  or  effective 
energy  exerted  by  the  steam  on  the  piston,  and  which,  being  mul- 
tiplied by  the  number  of  strokes  per  minute  and  divided  by  33,000 
foot-pounds,  gives  the  indicated  HORaB-POWER. 

The  indicator  in  its  present  form  is  represented  by  fig.  16.   AB 
is  a  cylindrical  case.     Its  lower  end  A  contains        . 
a  smfdl  cylinder,  fitted  with  a  piston,  which  ^^^^ 
cylinder,  by  means  of  the  screwed  nozzle  at  its  ^'      ' 
lower  end,  can  be  fixed  in  any  convenient  x>od- 
tion  on  a  tube  communicating  with  that  end  of 
the  engine  cylinder  where  the  work  of  the  steam 
is  determined.   The  communication  between  the 
en^ne  cylinder  and  the  indicator  cylinder  can  be    ^ 
opened  and  shut  at  will  by  means  of  the  cock  E. 
When  it  is  open,  the  intensity  of  the  pressure  of  „ 
the  steam  on  the  engine  piston  and  on  the  indi- 
cator piston  is  the  same,  or  nearly  the  some. 

The  upper  end  B  of  the  cylindrical  case  con-  a 
tains  a  spiral  spring,  one  end  of  which  is  at- 
tached to  the  piston  or  to  ite  rod,  and  the  other 
to  Hie  top  of  the  casing.  The  indicator  piston 
is  pressed  from  below  by  the  steam,  and  frvm 
above  by  the  atmosphere.  When  the  pressure 
of  the  steam  is  equal  to  that  of  the  atmosphere, 
the  spring  retains  its  unstrained  lei^h,  and  the  piston  its  original 
position.  When  the  pressure  of  t£e  steam  exceeds  that  of  the 
atmosphere,  the  piston  is  driven  outwards,  and  the  qiring  oom- 
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pressed;  when  the  pressure  of  the  steam  is  less  than  that  of  the 
atmosphere,  the  piston  is  driyen  inwards,  and  the  spring  extended. 
The  compression  or  extension  of  the  spring  indicates  the  difference, 
upwai*d  or  downward,  between  the  pressure  of  the  steam  and  that 
of  the  atmosphere. 

A  short  arm  0  projecting  from  the  indicator  piston  rod  carries  at 
one  side  a  pointer  D,  which  shows  the  pressure  on  a  scale  whose 
zero  denotes  the  pressure  qfthe  cUmosphere,  and  which  is  graduated 
into  pounds  on  the  square  inch  both  upwards  and  downwards 
from  that  zero.  At  the  other  side,  the  short  arm  has  a  longer  arm 
jointed  to  it,  carrying  a  pencil  K 

F  is  a  brass  drum,  which  rotates  backward  and  forward  about  a 
vertical  axis,  and  which,  when  about  to  be  used,  is  covered  with  a 
piece  of  paper  called  a  ''card."  It  is  alternately  pulled  round  in 
one  direction  by  the  cord  H,  which  wraps  on  the  pulley  G,  and 
pulled  back  to  its  original  position  by  a  spring  contained  within 
itself.  The  cord  H  is  to  be  connected  with  the  mechanism  of  the 
steam  engine  in  any  convenient  manner  which  shall  insiu*e  that 
the  velocity  of  rotation  of  the  drum  shall  at  every  instant  bear  a 
constant  ratio  to  that  of  the  steam  engine  piston :  the  back  and 
forward  motion  of  the  surface  of  the  drum  representing  that  of  the 
steam  engine  piston  on  a  reduced  scale.  This  having  been  done, 
and  before  opening  the  cock  K,  the  pencil  is  to  be  placed  in  con- 
tact with  the  drum  during  a  few  strokes,  when  it  will  mark  on  the 
card  a  line  which,  when  the  card  is  afterwards  spread  out  flat» 
becomes  a  straight  line.  This  line,  whose  position  indicates  the 
pressure  of  the  atmosphere,  is  called  the  aimospherio  line.  In  fig. 
17,  it  is  represented  by  A  A 
Then  the  cock  K  is  opened,  and  the  pencil  moving  up  and  down 

with  the  variations  of  the  pressure 
of  the  steam,  traces  on  the  card 
during  each  complete  or  double 
stroke  a  curve  such  as  B  C  D  E  R 
The  ordinates  drawn  to  that  curve 
from  any  point  in  the  atmospheric 

line,  such  as  HK  and  KG,  indi- 
cate the  differences  between  the 
pressure  of  the  steam  and  the  at- 
mospheric pressure  at  the  corre- 
sponding point  of  the  motion  of  the 
piston.  The  ordinates  of  the  part  BODE  represent  the  pres- 
sures of  the  steam  during  the  forward  stroke,  when  it  is  driving 
the  piston;  those  of  the  part  EB  represent  the  pressures  of  the 
steam  when  the  piston  is  expelling  it  from  the  cylinder. 
To  found  exact  investigations  on  the  indicator  diagrams  of  steam 
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engines,  tHe  atmospheric  pressure  at  the  time  of  the  experiment 
ought  to  be  ascertained  bj  means  of  a  barometer;  but  this  is  gene^ 
rally  omitted  j  in  which  case  the  atmospheric  pressure  may  be 
assmned  at  its  mean  value,  being  14*7  lbs.  on  the  square  inch,  or 
211 6 '4  lbs.  on  the  square  foot,  at  and  near  the  level  of  the  sea. 

Let  A  O  =  H  F  be  ordinates  representing  the  pressure  of  the 
atmosphere.  Then  O  F  V  parallel  to  A  A,  is  the  absolute  or  true 
zero  Ime  of  the  diagram,  corresponding  to  no  pressure;  and  ordi- 
nates drawn  to  the  curve  fh>m  that  line  represent  the  absolute 
intensities  of  the  pressure  of  the  steam.  Let  O  B  and  L  E  be  ordi- 
nates touching  the  ends  of  the  diagram ;  then 

O  L  represents  the  vcIutm  traversed  by  the  piston  at  each  single 
stroke  (  =  «  A,  where  a  is  the  length  of  the  stroke  and  A  the  area 
of  the  piston); 

The  area  O  B  C  D  £  L  O  represents  the  energy  exerted  by  the 
steam  on  the  piston  during  the  forward  stroke ; 

The  area  O  B  E  L  O  represents  the  work  lost  in  expelling  the 
steam  during  the  back  stroke; 

The  area  B  C  D  £  B,  being  the  difference  of  the  above  areas,  re- 
presents the  effective  work  of  the  steam  on  the  piston,  during  the 
complete  stroke. 

Those  areas  can  be  found  by  the  method  explained  in  Article  11  a^ 

The  meanforwan'd  preaawre,  the  mean  hack  pressurey  and  the  meanrh 
effectifoe  preaswre,  are  found  by  dividing  those  three  areas  respec- 
tively by  the  volume  a  A,  which  is  represented  by  O  L. 

Those  mean  pressures,  however,  can  be  found  by  a  direct  process, 
without  first  measuring  the  areas,  viz. : — 

Divide  the  length  of  the  diagram  O  L  into  any  convenient  num- 
ber, 91,  of  equal  parts  (the  usual  number  is  ten)y  and  measure  the 
ordinates  at  the  two  ends  and  the  n—\  points  of  division;  so  that 
ordinates  are  measured  from  n  4~  1  equi-distant  points  in  O  L. 

Let  jpo  ^  t^®  fi^j  Pn  *^6  l^^st,  and  Pi,Pff  &c.,  the  intermediate 
ordinates  of  the  upper  curve  ODE;  letp^ohe  the  first,  p^  the  last, 
and  p'l,  p'f,  <fec.,  the  intermediate  ordinates  of  the  lower  curve 
£  G  B ;  let  Pm  denote  the  mean  forward  pressure,  p'^  the  mean 
back  pressure,  and  p^  -p'^  the  mean  effective  pressure.    Then 
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It  is  obvious  that  the  mean  effective  pressure  may  be  computed 
at  once  irrespectively  of  the  forward  and  back  pressures,  and  of  the 
true  zero  line,  simply  by  measuring  a  series  of  equi-distant  breadths 

of  the  diagram  perpendicular  to  A  A,  such  as  GK  ;  the  mean  of 
which  breadths  represents  the  mean  effective  pressure.  That  is,  let 
bo  be  the  first,  6.  the  last^  and  6j,  b^,  <kc.,  the  intermediate  breadths; 
then 

J*. -P'.=^(^^ +  &.  +  *.  + Ac) (2.) 

The  effective  energy  exerted  by  the  steam  on  the  piston  during 
each  double  stroke  is  the  product  of  the  mean  effective  pressure, 
the  area  of  the  piston,  and  the  length  of  stroke,  or 

{Pm-P'J)A.»; (3.) 

and  if  N  be  the  number  of  double  strokes  in  a  minute,  the  tncUcoUed 
potoer  m/oat-poimda  per  wmute  is 

(p..|/«)AN*; (4.) 

from  which  the  indicated  horae-power  is  found  by  dividing  by 
33,000. 

In  a  iMaMe  Accias  EagiBe  the  steam  acts  alternately  on  either 
side  of  the  piston ;  and  to  measure  the  power  accurately,  two  indi- 
cators should  be  used  at  the  same  time,  commubicating  respectively 
with  the  two  ends  of  the  cylinder.  Thus  a  pair  of  diagrams  will 
be  obtained,  one  representing  the  action  of  the  steam  on  each  face 
of  the  piston.  The  mean  effective  pressure  is  to  be  found  as  above 
for  each  diagram  separately,  and  then,  if  the  areas  of  the  two  faces 
of  the  piston  are  sensibly  equal,  the  mean  of  those  tux>  reeidts  is  to 
be  taken  as  the  general  mea/n  effective  pressure;  which  being  multi- 
plied by  the  area  of  the  piston^  the  length  of  stroke,  and  twice  the 
number  of  double  strokes  or  revolutions  in  a  minute,  gives  the 
indicated  power  per  minute;  that  is  to  say,  if  |?"  denotes  the  gene- 
ral mean  effective  pressure,  the  indicated  power  per  minute  is 

p-A-^NA (5.) 

If  the  two  faces  of  the  piston  are  sensibly  of  unequal  areas 
(as  in  "trunk  engines"),  the  indicated  power  is  to  be  computed 
separately  for  each  &oe,  and  the  results  added  together. 

If  there  are  two  or  more  cylinders,  the  quantities  of  power 
indicated  by  their  respective  diagrams  are  to  be  added  together. 

The  following  is  an  example  from  a  double  cylinder,  double  act- 
ing engine : — 
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Brxai>th8  of  Diagrams,  Measubed  bt  a  Scale  Befbesenting 

Pounds  on  the  Sqtjabe  Inch. 


n=  lo. 


Som^ 


Half  sum,    .    •    •    . 


J. 

b* 
h 

b, 
bj 

b» 


Sum^ 


Stun  -r  ID  =  meaneff.  pres. 

Mean  of  top  and  bottom^ 
X  Area  of  piston^  sq.  ins.. 

Mean  effort,  in  lbs., 
X  Stroke,  in  feet,  a^) 
X    revolations    per  > 
minute,  52^,  X  a  =  j 

} 


FIRST  CYLINDER 


top. 


27 
13 


40 


ao 

83 

91 

91 
64 

57 

53 

4a 

35 
aa 


BOTTOM. 


SECOND  CYLINDER 


TOP. 


3« 

12 


48 


558 


55-8 


34 

97 
96 

84 
64 

57 
46 

40 

32 
aa 


i6'o 

2'0 


i8-o 
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12-4. 
3-8 


562 


56-2 


9-0 

10-5 

8-5 

7  5 

7'o 

6-6 

6'2 

6*o 

51 
4*5 


70*9 


i6'a 


8-1 

10^8 
9-0 
8-0 

71 
67 

6'o 

S-6 

54 

5-0 


717 


709 


7-17 


560 
345 

19320 

5071500 


7-13 
1380 


Indicated  power,  in  ft.- 
lb&  per  minute, 

Total  india  power,  in  ffc.-lbs.  per  min.,    7654343-5 
-i-  33000  =  indicated  horse-power,  333 


98394 
262*5 

2582842*5 
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Tlie  inertia  of  the  moving  parts  of  the  indicator,  combined  with 
the  elasticity  of  the  spring,  cause  oscillations  of  its  piston  above 
and  below  the  curve  which  would  accurately  represent  the  pres- 
sures; but  the  errors  which  those  oscillations  produce  in  the  indi- 
cation of  the  pressures  at  particular  instants,  being  alternately 
upward  and  downward,  neutralize  each  other,  and  do  not  in  the 
least  affect  the  indicated  power,  nor  the  mean  effective  pressure. 

The  friction  of  the  moving  parts  of  the  indicator  tends  on  the 
whole  to  make  the  indicated  power  and  indicated  mean  effective 
pressure  less  than  the  truth,  but  to  what  extent  is  uncertain. 

Every  indicator  should  have  the  accuracy  of  the  graduation  of 
its  scale  of  pressures  frequently  tested  by  comparison  with  a  stan- 
dard pressure  gauge. 

The  conclusions  to  be  drawn  from  the  figures  of  indicator 
diagrams  will  be  treated  of  in  the  part  of  ^is  treatise  which 
relates  specially  to  the  steam  engine. 

44.  iMdicator— ^ihcr  ApFUcAtions. — The  indicator  may  obviously 
be  used  for  measuring  the  energy  exerted  by  any  fluid,  whether 
liquid  or  gaseous,  in  driving  a  piston;  or  the  work  performed  by  a 
pump,  in  lifting,  propelling,  or  compressing  any  fluid. 

Section  5. — 0/ Brakes. 

45.  BMkea  ]>rflBe4  and  cteMcd. — The  contrivances  here  com- 
prehended under  the  general  title  of  Brakes  are  those  by  means  of 
which  friction,  whether  exercised  amongst  solid  or  fluid  particles, 
is  purposely  opposed  to  the  motion  of  a  machine,  in  order  either  to 
stop  it,  to  retard  it,  or  to  employ  superfluous  energy  during  imiform 
motion.  The  use  of  a  brake  involves  waste  of  energy,  which  is  in 
itself  an  evil,  and  is  not  to  be  incurred  unless  it  is  necessary  to  con- 
venience or  safety. 

Brakes  may  be  classed  as  follows : — 

I.  Block  brakes,  in  which  one  solid  body  is  simply  pressed  against 
another,  on  which  it  rubs. 

II.  Flexible  brakes,  which  embrace  the  periphery  of  a  drum  or 
pulley  (as  in  Pron/s  dynamometer.  Article  39). 

IIL  Fwmp  brakes,  in  which  the  resistance  employed  is  the  fiic- 
tion  amongst  the  particles  of  a  fluid  forced  through  a  narrow 
passage. 

rV".  Fa/n  brakes,  m  which  the  resistance  employed  is  that  of  a 
fluid  to  a  fan  rotating  in  it. 

46.  ActtoM  of  Brakcw  in  C}encrBl. — The  work  disposed  of  by  a 
brake  in  a  given  time  is  the  product  of  the  resistance  which  it  pro- 
duces into  the  distance  through  which  that  resistance  is  overcome 
in  a  given  time. 
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To  stop  a  machine,  the  brake  must  employ  work  to  the  amotuit 
of  the  whole  actual  energy  of  the  machine,  as  already  stated  in 
Article  34.  To  retard  a  machine,  the  l»ake  must  employ  work  to 
an  amount  equal  to  the  difference  between  the  actual  energies  of 
the  machine  at  the  greater  and  less  velocities  respectively. 

To  dispose  of  surplus  energy,  the  biuke  must  employ  work  equal 
to  that  energy ;  that  is,  the  resistance  caused  by  the  brake  must 
balance  the  surplus  effort  to  which  the  surplus  energy  is  due ;  so 
that  if  n  is  the  ratio  which  the  velocity  of  nibbing  of  the  brake 
bears  to  the  velocity  of  the  driving  point,  P  the  surplus  effort  at 
the  driving  pointy  and  B  the  resistance  of  the  brake,  we  ought  to 
have — 

»=^-.- (1) 

It  is  obviously  better,  when  practicable,  to  store  surplus  energy, 
or  to  prevent  its  exertion,  than  to  dispose  of  it  by  means  of  a 
brake. 

When  the  action  of  a  brake  composed  of  solid  material  is 
continuous,  a  stream  of  water  must  be  supplied  to  the  rubbing 
surfaces,  to  abstract  the  heat  that  is  produced  by  the  Motion, 
according  to  the  law  stated  in  Article  13. 

47.  Black  Brakes. — ^When  the  motion  of  a  machine  is  to  be 
controlled  by  pressing  a  block  of  solid  material  against  the  rim  of  a 
rotating  drum,  it  is  advisable,  inasmuch  as  it  is  easier  to  renew  the 
rubbing  surface  of  the  block  than  that  of  the  drum,  that  the  drum 
should  be  of  the  harder  and  the  block  of  the  softer  material — ^the 
drum,  for  example,  being  of  iron  and  the  block  of  wood.  The  best 
kinds  of  wood  for  this  purpose  are  those  which  have  considerable 
strength  to  resist  crushing,  such  as  elm,  oak,  and  beech.  The  wood 
forms  a  facing  to  a  frame  of  iron,  and  can  be  renewed  when  worn. 

When  the  brake  is  pressed  against  the  rotating  drum,  the  direc- 
tion of  the  pressure  between  them  is  obliquely  opposed  to  the 
motion  of  the  drum  so  as  to  make  an  angle  with  the  radius  of  the 
drum  equal  to  the  cmgle  of  repose  of  the  rubbing  sur&ces  (denoted 
by  0;  see  Article  13).  The  component  of  that  oblique  pressure  in 
the  direction  of  a  tangent  to  the  rim  of  the  drum  is  the  friction 
(R)  ;  the  component  perpendicular  to  the  rim  of  the  drum  is  the 
normal  pressure  (Q)  required  in  order  to  produce  that  Motion,  and 
is  given  by  the  equation — 

<i=ji (1.) 

/being  the  co-efficient  of  friction,  and  the  proper  value  of  R  being 
determined  by  the  principles  stated  in  Article  46. 
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It  is  in  general  desirable  that  the  brake  should  be  capable  of 
effecting  its  purpose  when  pressed  against  the  dram  by  means  of 
the  strength  of  one  man,  pulling  or  pushing  a  handle  with  one 
hand  or  one  foot.  As  the  required  normal  pressure  Q  is  usually 
considerably  greater  than  the  force  which  one  man  can  exert,  a 
lever,  or  screw,  or  a  train  of  levers,  screws,  or  other  convenient 
mechanism  must  be  interposed  between  the  brake  block  and  tbe 
handle,  so  that  when  the  block  is  moved  towards  the  drum,  the 
handle  shall  move  at  least  through  a  distance  as  many  times 
greater  than  the  distance  by  which  the  block  directly  approaches 
the  drum,  as  the  required  normal  pressure  is  greater  than  the  force 
which  the  man  can  exert 

Although  a  man  may  be  able  occasionally  to  exert  with  one 
hand  a  force  of  100  lbs.  or  150  lbs.  for  a  short  time,  it  is  desirable 
that,  in  working  a  brake,  he  should  not  be  required  to  exert  a 
force  greater  than  he  can  keep  up  for  a  considerable  time,  and 
exert  repeatedly  in  the  course  of  a  day,  without  &tigue->that  is  to 
say,  about  20  lbs.  or  25  lbs. 

48.  The  BnOKM  of  CarriagM  are  usually  of  the  class  just  de- 
scribed, and  are  applied  either  to  the  wheels  themselves  or  to 
drums  rotating  along  with  the  wheels.  Their  effect  is  to  stop  or  to 
retard  the  rotation  of  the  wheels,  and  make  them  slip  instead  of 
rolling  on  the  road  or  railway.  The  resistance  to  the  motion  of  a 
carriage  which  is  caused  by  its  brake  may  be  less  but  cannot  be 
greater  than  the  friction  of  the  stopped  or  retarded  wheels  on  the 
road  or  rails  under  the  load  which  rests  on  those  wheels.  The 
distance  which  a  carriage  or  train  of  carriages  will  run  on  a  level 
line  during  the  action  of  the  brakes  before  stopping  is  found  by 
dividing  the  actual  energy  of  the  moving  mass  before  the  brakes 
are  applied  by  the  sum  of  the  ordinary  resistance  and  of  the  addi- 
tional resistance  caused  by  the  brakes;  in  other  words,  that  dis- 
tance is  as  many  times  greater  than  the  height  due  to  the  speed  83 
the  weight  of  the  moving  mass  is  greater  than  the  total  resistance. 

The  skid  or  slipper  drag,  being  placed  under  a  wheel  of  a  carriage, 
causes  a  resistance  due  to  the  friction  of  the  skid  upon  the  road  or 
rail,  under  the  load  that  rests  on  the  wheel 

49.  Flexible  Brakes  {A.  M,,  678). — ^A  flexible  brake  embraces  a 
greater  or  less  arc  of  the  rim  of  a  drum  or  pulley,  whose  motion  it 
resists.  In  some  cases  it  consists  of  an  iron  strap,  of  a  radius 
naturally  a  little  greater  than  that  of  the  drum ;  so  that  when  left 
hee,  the  strap  remains  out  of  contact  with  the  drum,  and  does  not 
resist  its  motion;  but  when  tension  is  applied  to  the  ends  of  the 
strap,  it  clasps  the  drum,  and  produces  the  required  friction.  The 
rim  of  the  drum  may  be  either  of  iron  or  of  wood.  In  other  cases, 
the  brake  consists  of  a  chain,  or  jointed  series  of  iron  bars,  usually 
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faced  with  ^wooden  blocks  on  the  side  next  the  drum.  When  ten- 
sion  is  applied  to  the  ends  of  the  chain,  the  blocks  clasp  the  dram 
and  produce  friction;  when  that  tension  is  removed,  the  blocks  are 
drawn  back  from  the  dram  by  springs  to  which  they  are  attached| 
and  the  friction  ceases. 

The  following  formulse  are  exact  for  perfectly  flexible  continuous 
bands,  and  approximate  for  elastic  straps  and  for  chains  of  blocks. 
Por  their  demonstration^  the  reader  is  referred  to  treatises  on 
mechanics. 

In  fig.  18^  let  A  B  be  the  drum,  and  C  its  axis,  and  let  the 
direction  of  rotation  of  the  drum  be  indicated 
by  the  arrow.  Let  T^  and  T^  represent  the 
tensions  at  the  two  ends  of  the  strap,  which 
embraces  the  rim  of  the  drum  throughout  the 
arc  A  R  The  tension  T^  exceeds  the  tension 
Tj  by  an  amount  equal  to  the  friction  between 
the  strap  and  drum,  B ;  that  is, 

Let  c  denote  the  ratio  which  the  arc  of  contact 
A  6  bears  to  the  circumference  of  the  drum ; 
/  the  co-efficient  of  friction  between  the  strap 
and  drum ;  then  the  ratio  T  ^  :  T2  is  ^  numher 
wJiose  common  logcmthm  ia  2'728S/c,  or  ^»g«  1®* 

Ti  _  io2-7ffl8/c  -  N ; (1.) 

which  number  having  been  found,  is  to  be  used  in  the  following 
formulae  for  finding  the  tensions  T^,  Tj,  required  in  order  to  pro- 
duce a  given  resistance  It : — 

N 
Backward  or  greatest  tension,  T^  =  It  *  WZl ' ^'^^ 

Forward  or  least  tension,         Tj  =  R  •  --■^, (3.) 

The  following  cases  occur  in  practice : — 

I.  When  it  is  desired  to  produce  a  great  resistavice  compared 
with  the  force  applied  to  the  brake,  the  backward  end  of  the  brake, 
where  the  tension  is  T^,  is  to  be  fixed  to  the  framework  of  the 
machinery,  and  the  forward  end  moved  by  means  of  a  lever  or 
other  suitable  mechanism ;  when  the  force  to  be  applied  by  means 
of  that  mechanism  will  be  Tj,  which,  by  making  N  sufficiently 
great,  may  be  made  small  as  compared  with  R 
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II.  When  it  is  desired  that  the  resiatcmce  shaU  ahoayt  he  less  than 
a  certain  given  farce,  the  forward  end  of  the  brake  is  to  be  fixed, 
and  the  backward  end  pulled  with  a  force  not  exceeding  the  givetn 
force.  This  will  be  T| ;  and,  as  the  equation  2  shows,  how  great 
soever  N  may  be,  It  will  always  be  less  than  T^.  This  is  the 
principle  of  the  brake  applied  by  Professor  William  Thomson,  to 
apparatus  for  paying  out  submarine  telegraph  cables,  with  a  view 
to  limiting  the  resistance  within  the  amount  which  the  cable  can 
safely  bear. 

In  any  case  in  which  it  is  desired  to  give  a  great  value  to  the 
ratio  N,  the  flexible  brake  may  be  coiled  -spirally  round  the  drun>, 
so  as  to  make  the  arc  of  contact  greater  than  one  circumference. 

50.  Punp  Brakca. — ^The  resistance  of  a  fluid,  forced  by  a  pump 
through  a  narrow  orifice,  may  be  used  to  dispose  of  superfluous 
energy. 

The  energy  which  is  expended  in  forcing  a  given  weight  of  fluid 
through  an  orifice  is  found  by  multiplying  that  weight  into  the 
height  due  to  the  greatest  velocity  wlbich  its  paiticles  acquire  in 
that  process,  and  into  a  factor  greater  than  imity,  which  for  each 
kind  of  orifice  is  determined  experimentally,  and  whose  excess 
above  unity  expresses  the  proportion  which  the  energy  expended  in 
overcoming  the  Mction  between  the  fluid  and  the  orifice  bears  to 
the  energy  expended  in  giving  velocity  to  the  fluid. 

The  following  are  some  of  the  values  of  that  factor,  which  will  be 
denoted  by  1  +  F  : — 

For  an  orifice  in  a  thin  plate,  1  +  F  =  1*054 (1.) 

For  a  straight  uniform  pipe  of  the  length  I,  and  whose  hydraulic 
mean  depth,  that  is,  the  area  divided  by  the  circumference  of  its 
CTOss-section,  is  m, 

1  +  F  =  1-505  +-^ (2.) 

For  cylindrical  pipes,  m  is  one-fourth  of  the  diameter. 

The  fibctor/in  the  last  formula  is  called  the  corefficient  of  friction 
of  the  fluid.  For  water  in  iron  pipes,  the  velocity  v  being  expressed 
in  feet  per  second,  ite  value,  according  to  Weisbach,  is 

/=  0-0036 +  2:^; (3.) 

Foratr,  /=  0-006  nearly (4.) 

The  greatest  velocity  of  the  fluid  particles  is  found  by  dividing 
the  volume  of  fluid  discharged  in  a  second  by  the  area  of  the  outlet 
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at  its  most  contracted  part  When  the  outlet  is  a  cylindrical 
pipe,  the  sectional  area  of  that  pipe  may  be  employed  in  this 
calculation;  but  when  it  is  an  onfice  in  a  thin  plate,  there  is  a 
eantracUd  vein  of  the  issuing  stream  after  passing  the  orifice,  whose 
area  is  on  an  average  about  0*62  of  the  area  of  the  orifice  itself; 
and  that  contracted  area  is  to  be  employed  in  computiDg  the 
velocity.  Its  ratio  to  the  area  of  the  orifice  in  the  plate  is  called 
the  co-efflcierU  qf  contraction. 

The  computation  of  the  energy  expended  in  forcing  a  given 
quantity  of  a  given  fluid  in  a  given  time  through  a  given  outlet,  is 
expressed  symbolically  as  follows  : — 

Let  y  be  the  volume  of  fluid  forced  through,  in  cubic  feet  per 
second, 

D,  the  density,  or  weight  of  a  cubic  foot,  in  pounds, 

A,  the  area  of  the  orifice,  in  eqiuire/eet, 
c,  the  co-efficient  of  contraction. 

V,  the  velocity  of  outflow,  in  feet  per  eecoTuL 

B,  the  resistance  overcome  by  the  piston  of  the  pump  in  driving 
the  water,  in  pounds, 

u,  the  velocity  of  that  piston,  ir  feet  per  second. 
Then 

•  =  c-T' - (^•) 

and 

Il«  =  DV(l  +  F)  ^; (6.) 

the  fkctor  I  +  F  being  computed  by  means  of  the  formulae  1,  2,  3,  i. 
To  find  the  intensity  of  the  pressure  (p)  within  the  pump,  it  is  to 
be  observed,  as  in  Ajrticle  6^  that  if  A'  denotes  the  area  of  the 
piston, 

V  =  A'  w;  R  =  jp  A'; (7.) 

consequently, 

p  =  -1}  =  !D  (1  +  F)  •  ^—  j ^ (8.) 

that  iis,  the  intensiti/  of  the  pressure  is  thai  doe  to  ths  loeight  of  a 
vertical  cclvann  of  the  fluid,  whose  height  is  greaier  them  thai  due  to 
the  vdodty  ofoulflov)  in  the  ratio  1  +  F  :  1. 

To  allow  for  the  friction  of  the  piston,  about  one-tenth  may  in 
general  be  added  to  the  result  given  by  equation  6. 

The  piston  and  pump  have  been  spoken  of  as  single;  and  such 
may  be  the  case  when  the  velocity  of  the  piston  is  uniform.  When 
a  piston,  however,  is  driven  by  a  crank  on  a  shaft  rotating  at  an 
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Tinifonn  speed,  its  velocity  varies ;  and  when  a  pump  brake  is  to  be 
applied  to  such  a  shaft,  it  is  necessary,  in  order  to  give  a  su£Giciently 
near  approximation  to  an  uniform  velocity  of  outflow,  that  there 
should  be  at  least,  either  three  single  acting  pumps,  driven  by  three 
cranks  making  with  each  other  angles  of  120°,  or  a  pair  of  double 
acting  pumps,  driven  by  a  pair  of  cranks  at  right  angles  to  each 
other;  and  the  result  will  be  better  if  the  pumps  force  the  fluid 
into  one  common  air  vessel  before  it  arrives  at  the  resisting 
orifice. 

That  orifice  may  be  provided  with  a  valve,  by  means  of  which  its 
area  can  be  adjusted,  so  as  to  cause  any  required  resistance. 

A  pump  brake  of  a  simple  kind  is  exemplified  in  the  apparatus 
called  the  "  c(Uar<ict"  for  regulating  the  opening  of  the  steam  valve 
in  single  acting  ste^m  engines.  It  will  be  more  fully  described 
under  the  head  of  those  engines.* 

51.  F«M  BhOkm. — A  fan,  or  wheel  with  vanes,  revolving  in 
water,  oil,  or  air,  may  be  used  to  dispose  of  surplus  energy;  and 
the  resistance  which  it  causes  may  be  rendered  to  a  certain  extent 
adjustable  at  will,  by  making  the  vanes  so  to  to  be  capable  of  being 
set  at  diflerent  angles  with  their  direction  of  motion,  or  at  different 
distances  from  their  axis. 

Fan  brakes  are  applied  to  various  machines,  and  are  usually 
adjusted  so  as  to  produce  the  requisite  resistance  by  trial  It  is, 
indeed,  by  trial  only  that  a  final  and  exact  adjustment  can  be 
eflected;  but  trouble  and  expense  may  be  saved  by  making,  in  the 
first  place,  an  approximate  adaptation  of  the  fan  to  its  purpose  by 
calculation. 

The  following  formulce  are  the  results  of  the  experiments  of 
Duchemin,  and  are  approved  of  by  Poncelet  in  his  Meoamque 
Indtistrielle, 

For  a  thin  flat  vane,  whose  plane  traverses  its  axis  of  rotation,  let 

A  denote  the  area  of  the  vane ; 

If  the  distance  of  its  centre  of  gravity  from  the  axis  of  rotation  ; 

8,  the  distance  from  the  centre  of  gravity  of  the  entire  vane,  to 
the  centre  of  gravity  of  that  half  of  it  which  lies  nearest  the  ^xis  of 
rotation; 

V,  the  velocity  of  the  centre  of  gravity  of  the  vane  (^  alalia  19 
the  angular  velocity  of  rotation) ; 

D,  the  density  of  the  fluid  in  which  it  moves ; 

R  I,  the  moment  of  resistance ; 

kf  a  co-efficient,  whose  value  is  given  by  the  formula 

*  Ptimp  brakes  bave  been  applied  to  railway  caniages  by  Mr.  Lanreooe  Hill.  In 
1855,  it  was  proposed  by  Mr.  Jobn  Thomson  and  the  antbor  to  applj*  them  to  the 
paj-ing-out  apparatus  of  tel^^graph  cables;  bat  that  proposal  has  not  yet  been  practi- 
cdljr  tried. 
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i  s  1-254  +  1*6244 


then 


2g 


.(1.) 


.(2.) 


When  the  vane  is  oblique  to  its  direction  of  motion,  let  t  denote 
the  acute  angle  which  its  surface  makes  with  that  direction;  then 
the  result  of  equation  2  is  to  be  mtdtiplied  by 


2  sin^t 
1  +  sin*  i' 


.(3.) 


It  appears  that  the  resistance  of  a  fan  with  several  vanes  increases 
nearly  in  proportion  to  the  number  of  vanes,  so  long  as  their  dis« 
tances  apart  are  not  less  at  any  point  than  their  lengths.  Beyond 
that  limit  the  law  is  uncertain. 


ic 


Section  6.— 0/J^/y  Wheda. 

52.  Periodical  FlnctaatiaBs  of  Sp««d  in  a  machine  {A.  M.y  689) 
are  caused  by  the  alternate  excess  and  deficiency  of  the  energy 
exerted  above  the  work  performed  in  overcoming  resisting  forces, 
which  produce  an  alternate  increase  and  diminution  of  actual 
energy,  according  to  the  law  explained  in  Article  30. 

To  determine  the  greatest  fluctuations  of  speed  in  a  machino 
moving  periodically,  take  ABC,  in  fig.  19, 
to  represent  the  motion  of  the  driving  point 
during  one  period ;  let  the  effort  P  of  the 
prime  mover  at  each  instant  be  represented  by 
the  ordinate  of  the  curve  D  G  E I F ;  and  let 
the  sum  of  the  resistances,  reduced  to  the 
driving  point  afi  in  Article  9,  at  each  instant, 
be  denoted  by  R,  and  represented  by  the  ordinate  of  the  curve 
D  H  E  K  F,  which  cuts  the  former  curve  at  the  ordinates  A  D, 
BE,  CF.     Then  the  integial— 


xy 


Fig.  19. 


J(P--R)ds, 


being  taken  for  any  part  of  the  motion,  gives  the  excess  or  defi- 
ciency of  energy,  according  as  it  is  positive  or  negative.  For  the 
entire  period  ABC  this  integral  is  nothing.  For  A  B,  it  denotes 
an  excess  of  energy  received,  represented  by  the  area  D  G  E  H ;  and 
for  B  C,  an  equal  excess  ofvxrk  performedy  represented  by  the  equal 
area  E  K  F  L     Let  those  equal  quantities  be  each  represented  by 
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A  R  Then  the  actual  energy  of  the  machine  attains  a  maximum 
value  at  B,  and  a  minimum  value  at  A  and  C,  and  A  £  is  the 
difference  of  those  values. 

Now  let  Vg  be  the  mean  velocity,  v*  the  greatest  velocity,  v^  the 
least  velocity  of  the  driving  point,  ana  2  *  n)^  W  the  redttced  inertia 
of  the  machine  (see  Article  15);  then 

* 

^f^Sn«W=  aE; (1.) 

which,  being  divided  by  the  mean  actual  energy — 

gives 


(2.) 


(3.) 


and  observing  that  v^j  =  (v^  +  Vj)  •*•  2,  we  find 

?LZS  —  ^l5—     y  A  E 
vo     ~  2E.""«JS-w«W' 

a  ratio  which  may  be  called  the  co-efficient  ofJluctmUion  of  speed  or 
of  unsteadiness. 

The  ratio  of  the  periodical  excess  and  deficiency  of  energy  A  £ 

to  the  whole  energy  exerted  in  one  period  or  revolution,  iTds, 

has  been  determined  by  General  Morin  for  steam  engines  under 

various  drcumstanoes,  and  found  to  be  firom  r^  to  t  for  sincle 

10        4  ^ 

cylinder  engines.  For  a  pair  of  engines  driving^  the  same  shaft, 
with  cranks  at  right  angles  to  each  other,  the  value  of  this  ratio  is 
about  one-fourth,  and  for  three  engines  with'  cranks  at  120°,  one- 
twelfth  of  its  value  for  single  cylinder  engines. 

The  following  table  of  the  ratio  A  E  -r-  f'Pds  for  one  revdution 

of  steam  engines  of  different  kinds  is  extracted  and  condensed  from 
Greneral  Morin's  works : — 

Non-Expansive  ENOIRE& 

Length  of  connecting  rod 

Length  of  cr^  =8654 

aE  -r   f^ds  =       '105        -118        '125        -132 


I 

7 

I 
8 

•189 

•191 

fly  wheels.  61 

Expansive  Condensino  Engines. 
Connecting  rod  =  crank  X  5. 

Fraction  of  stroke    at )  £         £  £         £ 

which  steam  is  cut  ofi'j  3  4  5^ 

AE-r-   fPrf*     ss      -163     -173     -178     -184 

Expansive  NoN-CoNDENSiNa  ENomEa 

-I  I  I  I 

Steam  cut  off  at  —  —  —  — 

2345 
A  E  -7-  jFda  =  '160       '186       '209       '232 

For  double  cylinder  expansive  engines,  the  value  of  the  ratio 
aE  -t-  jFd^  m&j  be  taken  as  equal  to  that  for  single  cylinder 

non-expansive  engines. 

For  tools  toorking  at  intervals,  such  as  punching,  slotting,  and 
plate-cutting  machines,  coining  presses,  &c,,  A  E  is  nearly  equal  to 
the  whole  work  performed  at  each  operation. 

53.  Fly  Wkeeia  (A,  M,,  690). — ^A  fly  wheel  is  a  wheel  with  a 
heavy  rim,  whose  great  moment  of  inertia  being  comprehended  in 
the  reduced  moment  of  inertia  of  a  machine,  reduces  the  co-efficient 

of  fluctuation  of  speed  to  a  certain  fixed  amount,  being  about  ^  for 

ordinary  machinery,  and  «:;  or  ^  for  machineiy  for  fine  purposes. 

Let  —  be  the  intended  value  of  the  co-efficient  of  fluctuation  of 
m 

speed,  and  A  E,  as  before,  the  fluctuation  of  energy.     K  this  is  to 

be  provided  for  by  the  moment  of  inertia  I  of  the  fly  wheel  alone, 

let  Oo  be  its  mean  angular  velocity;  then  equation  3  of  Article  52 

is  equivalent  to  the  following : — 

«■"  oji  ^'v ^'-^ 

j^m^AE  

the  second  of  which  equations  gives  the  requisite  moment  of  inertia 
of  the  fly  wheel. 

The  fluctuation  of  energy  may  arise  either  from  variations  in  the 
effort  exerted  by  the  prime  mover,  or  &om  variations  in  the  resist- 
ance, or  from  both  those  causes  combined.     When  but  one  fly 
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wheel  is  used,  it  should  be  placed  in  as  direct  connection  as  possible 
with  that  part  of  the  mechanism  where  the  gi'eatest  amount  of  the 
fluctuation  originates;  but  when  it  originates  at  two  or  more  points, 
it  is  best  to  have  a  flj  wheel  in  connection  with  each  of  those  points. 

For  example,  let  there  be  a  steam  engine  which  drives  a  shaft 
that  traverses  a  workshop,  having  at  intervals  upon  it  pulleys  for 
driving  various  machine  tools.  The  steam  engine  should  have  a 
fly  wheel  of  its  own,  as  near  as  practicable  to  its  crank,  adapted  to 
that  value  of  a  E  which  is  due  to  the  fluctuations  of  the  eflTort 
applied  to  the  crank-pin  above  and  below  the  mean  value  of  that 
eflbrt,  and  which  may  be  computed  by  the  aid  of  General  Morin*s 
tables,  quoted  in  Article  52 ;  and  each  machine  tool  should  also 
have  a  fly  wheel,  adapted  to  a  value  of  A  £  equal  to  the  whole 
work  performed  by  the  tool  at  one  operation. 

As  the  rim  of  a  fly  wheel  is  usually  heavy  in  comparison  with 
the  arms,  it  is  often  sufficiently  accurate  for  practical  purposes  to 
take  the  moment  of  inertia  as  simply  equal  to  the  weight  of  the 
rim  multiplied  by  the  square  of  the  mean  between  its  outside  and 
inside  radii,  a  calculation  which  may  be  expressed  thus : — 

I  =  W7«; (3.) 

whence  the  weight  of  the  rim  is  given  by  the  formula — 

^  =  "-^^^  =  —^> ^^-^ 

if  t/  be  the  velocity  of  the  rim  of  the  fly  wheeL 

The  usual  mean  radius  of  the  fly  wheel  in  steam  engines  is  from 
three  to  Jive  times  the  length  of  the  crank. 

The  ordinary  values  of  the  product  mg,  the  unit  of  time  being 
the  second,  lie  between  1,000  and  2,000  feet. 

The  fly  wheel  of  a  steam  engine  is  often  itself  a  pulley,  used  to 
transmit  motion  to  machinery  by  means  of  a  bell 

Section  7. — O/EegiUators  and  Govemars  in  General  (A.  M.,  693). 

54.  The  Begviator  of  a  prime  mover  is  some  piece  of  apparatus 
by  which  the  rate  at  which  it  receives  energy  from  the  source  of 
energy  can  be  varied;  such  as  the  sluice  or  valve  which  adjusts  the 
size  of  the  orifice  for  supplying  water  to  a  water  wheel,  the  appara- 
tus for  varying  the  surfaoe  exposed  to  the  wind  by  wind-mill  sails, 
the  throttle  valve  which  adjusts  the  opening  of  the  steam  pipe  of  a 
steam  englfte,  and  the  damper  which  controls  the  supply  of  air  to 
its  furnace.  In  prime  movers  whose  speed  and  power  have  to  be 
varied  at  will,  such  as  locomotive  engines,  and  winding  engines  for 
mines,  the  regulator  is  adjusted  by  hand. 
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6S.  Poidahnt  Qmwwmmm, — ^In  other  cases,  the  r^^ulator  is  ad- 
justed by  means  of  a  self-acting  apparatus  called  a  governor. 

In  the  most  ordinary  governors,  the  principal  part  of  the 
apparatus  consists  of  a  pair  or  set  of  equal  and  similar  revolving 
pendulums  (see  Article  19)  turning  about  one  vertical  axis,  and 
driven  by  a  train  of  mechanism  which  causes  their  angular  velocity 
of  revolution  to  bear  a  fixed  ratio  to  the  velocity  of  the  prime 
mover.  The  rods  of  the  pendulums  place  themselves  at  an  angle 
•with  the  vertical  axis,  such  that  the  common  height  of  the  pendulums 

(B  C,  fig.  7,  Article  19)  is  that  corresponding  to  the  number  of 
turns  in  a  second,  as  given  by  equation  2  of  that  Article.  Conse- 
quently, in  a  given  governor,  the  cosine  of  that  angle,  BC  -f-  C  A, 
varies  inversely  as  the  square  root  of  the  speed.  The  regulator 
must  be  so  adjusted,  as  to  be  in  the  proper  position  for  supplying 
the  proper  amount  of  power  when  the  pendulum  rods  are  at  the 
angle  of  inclination  corresponding  to  the  proper  speed  of  the 
machine.  When  the  speed  deviates  above  or  below  that  amount^ 
the  outward  or  inward  motion  of  the  pendulum  rods  acts  on  the 
regulator  so  as  to  open  it  when  the  speed  is  too  low,  and  close  it 
when  the  speed  is  too  high,  either  directly  through  levers  and 
linkwork,  as  in  Watt's  steam  engine  governor,  or  by  throwing  into 
gearing  with  a  revolving  bevel  wheel,  one  or  other  of  a  pair  of 
bevel  wheels  which  move  the  regulator  opposite  ways,  as  in  water 
wheel  governors,  or  by  means  of  epicyclic  gearing  moving  the 
regulator  in  a  direction  and  with  a  velocity  depending  on  the 
difference  between  the  velocity  of  a  wheel  driven  with  a  speed 
varying  with  that  of  the  engine,  and  a  wheel  rotating  with  a  con- 
stant speed  along  with  the  set  of  pendulums,  as  in  Mr.  Siemens*s 
governor. 

56.  BsiAMcctf  OovemonL — Mr.  Silver^s  governor  consists  of  a 
pair  of  rotating  pendulums,  each  suspended  by  its  centre  of  gi'avity 
from  their  common  axis,  to  which  a  pair  of  springs  tend  to  place 
them  paralleL  When  made  to  rotate,  the  pendulums  diverge  from 
the  axis  until  the  cmUri/ugcU  couple  of  each  (Article  22)  balances 
the  statical  moment  of  the  force  exerted  by  the  spring.  This 
governor  is  useful  for  marine  engines,  because  of  its  action  being 
independent  of  the  direction  of  its  axis,  and  of  the  force  of  gravity. 

57.  Van  Gmreramn, — ^Mr.  Hick,  Mr.  G.  H.  Smith,  and  others, 
have  invented  governors  in  which  the  greater  or  less  resistance  of 
air  or  of  some  liquid  to  the  motion  of  a  fan  driven  by  the  prime 
mover,  causes  the  adjustment  of  the  opening  of  the  regulator. 

The  details  of  regulators  and  governors  vary  so  much  with  the 
kind  of  prime  mover  to  which  they  are  applied,  that  they  can  be 
described  in  connection  with  special  prime  movers  only. 
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Sectiok  8. — Sunvmary  of  the  Prificiplea  qfthe  Strength  of  Machines. 

68.  Natare    mnd    DirMmi   of  the  8«k»i«ct.     (A.    M,,   244). — ^The 

present  section  contains  a  very  brief  summary  of  the  application  of 
the  principles  of  the  strength  of  materials  to  the  most  simple  ques- 
tions which  arise  in  designing  machines.  The  rules  are  given 
without  demonstration,  in  as  small  compass  as  possible,  in  order  to 
save  the  necessity  of  referring,  in  ordinary  cases,  to  more  bulky 
treatises ;  and  are  almost  all  abstracted  and  abridged  from  a  treatise 
on  Applied  Mechanics,  Part  II.,  Chapter  IIL 

The  load,  or  combination  of  external  forces,  which  is  applied  to 
any  piece,  moving  or  fixed,  in  a  machine,  produces .  stress  amongst 
the  particles  of  that  piece,  being  the  combination  of  forces  which 
they  exert  in  resisting  the  tendency  of  the  load  to  disfigure  and 
break  the  piece,  which  is  accompanied  by  strain,  or  alteration  of 
the  volumes  and  figures  of  the  whole  piece,  and  of  each  of  its  par- 
ticles. If  the  load  is  continually  increased,  it  at  length  produces 
eiiher/racturef  or  (if  the  material  is  very  tough  and  ductile)  such  a 
disfigurement  of  the  piece  as  is  practicaUy  equivalent  to  fracture,  by 
rendering  the  piece  useless. 

The  ViUBuue  Stveagth  of  a  body  is  the  load  requii'ed  to  produce 
fracture  in  some  specified  way.  The  Pvo«r  9treii«di  is  the  load 
required  to  produce  the  greatest  strain  of  a  specific  kind  consistent 
with  safety;  that  is,  with  the  retention  of  the  strength  of  the 
material  unimpaired.  A  load  exceeding  the  proof  strength  of  the 
body,  although  it  may  not  produce  instant  fracture,  produces 
fracture  eventually  by  long-continued  application  and  frequent 
repetition. 

The  wmrkiBg  ijtkd  on  each  piece  of  a  machine  is  made  less  than 
the  proof  strength  in  a  certain  ratio  determined  by  practical 
experience,  in  order  to  provide  for  unforeseen  contingencies. 

Each  soUd  has  ss  many  different  kinds  of  strength  as  there  are 
different  ways  in  which  it  can  be  strained  or  broken,  aa  shown  in 
the  following  classification  : — 

Strain.  Fracture. 

Lo     'tndinal  (Extension     Tearing. 

^^^  \  Compression Crushing, 

[Distortion    Shearing. 

Transverse <  Twisting      Wrenching. 

(  Bending       Breaking  across. 

59.  (A.  M.,  247.)  Factors  of  Ciafetr  are  of  three  kinds,  viz. : — 
the  ratio  in  which  the  vltiTnate  strength  exceeds  the  proof  strength, 
the  ratio  in  which  the  tUtimate  strength  exceeds  the  working  load, 
and  the  ratio  in  which  the  proof  s^evigth  exceeds  the  working  load. 
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The  following  table  gives  examples  of  the  values  of  those  £a,ctoi  s 
which  occur  in  machines : — 


UlL  straigth. 


Proof  streogtli. 

Steel  and  wrought  iron, 2 

Wrought  iron  boilers, 2 

Oast  iron, 2  to  3 

Timber;  average, 3 

Stone  and  brick, 2 


Ult  strength. 


Working  load. 
4  to  6 

6 
6  to8 

10 

8 


Proof  strength. 

Working  load. 
2  t03 

3 

2  to  3 

3h 
4 


Almost  all  the  experiments  hitherto  made  on  the  strength  of 
materials  give  the  ultijnate  strengUi  only.  In  using  those  data  for 
the  designing  of  structures  and  machines,  the  most  convenient  pro- 
cess of  calculation  is  to  multiply  the  intended  workmg  load  of  a 
piece  by  the  proper  factor,  so  as  to  find  the  breaking  load,  and  to 
make  the  ultimate  strength  of  the  piece  equal  to  that  breaking  load. 

60.  The  Pro«f  or  TesUBg  by  experiment  of  the  strength  of  a 
piece  of  material  is  to  be  conducted  in  two  different  ways,  accord- 
ing to  the  object  in  view. 

L  If  the  piece  is  to  be  qfteruxxrds  used,  the  testing  load  must  be 
so  limited  that  there  shall  be  no  possibility  of  its  impairing  the 
strength  of  the  piece;  that  is,  it  must  not  exceed  the  proof  strength, 
being  from  one-third  to  one-half  of  the  udtimate  strength.  About 
double  of  the  working  load  is  in  general  sufficient.  Care  should 
be  taken  to  avoid  vibrations  and  shocks  when  the  testing  load 
approaches  near  to  the  proof  strength. 

II.  If  the  piece  is  to  be  sacrificed  for  the  sake  of  ascertaining  the 
strength  of  the  material,  the  load  is  to  be  increased  by  degrees 
until  the  piece  breaks,  care  being  taken,  especially  when  the  break- 
ing point  is  approached,  to  increase  the  load  by  small  quantities  at 
a  time,  so  as  to  get  a  sufficiently  precise  result. 

The  proof  ai/rength  requires  much  more  time  and  trouble  for  its 
determination  than  the  ultimate  strength.  One  mode  of  approxi- 
mating to  the  proof  strength  of  a  piece  is  to  apply  a  moderate  load 
and  remove  it,  apply  the  same  load  again  and  remove  it,  two  or 
three  times  in  succession,  observing  at  each  time  of  application  of 
the  load,  the  strairb  or  alteration  of  figure  of  the  piece  when  loaded, 
by  stretching,  compression,  bending,  distortion,  or  twisting,  as  the 
case  may  be.  If  that  alteration  does  rwt  sensibly  increase  by  re- 
peated applications  of  the  same  load,  the  load  is  within  the  limit 
of  proof  strength.  The  effects  of  a  greater  and  a  greater  load  being 
successively  tested  in  the  same  way,  a  load  will  at  length  be 
reached  whose  successive  applications  produce  increasing  disfigure- 
ments of  the  piece;  and  tibia  load  will  be  greater  than  the  proof 


66  nrTRODUcnoK. 

strength,  which  will  lie  between  the  last  load  and  the  last  load  but 
one  in  the  series  of  experimenta 

It  was  formerly  supposed  that  the  production  of  a  sel^  that  is,  a 
disfigurement  which  continues  after  the  removal  of  the  load,  was  a 
test  of  the  proof  strength  being  exceeded;  but  Mr.  Hodgkinson 
showed  that  supposition  to  be  erroneous,  by  proving  that  in 
most  materials  a  set  is  produced  by  almost  any  load,  how  small 
soever. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
axles  to  resist  twisting,  can  be  tested  by  the  application  of  known 
weights  either  directly  or  through  a  lever. 

To  test  the  tenacity  of  rods,  chains,  and  ropes,  and  the  resist-  ^ 
ance  of  pillars  to  crushing,  more  powerful  and  complex  mechanism 
is  required.  The  apparatus  most  commonly  employed  is  the 
hydraulic  press.  In  computing  the  stress  which  it  produces,  no 
reliance  ought  to  be  placed  on  the  load  on  the  safety  valve,  or  on 
a  weight  hung  to  the  pump  handle,  as  indicating  the  intensity  of 
the  pressure,  which  should  be  ascertained  by  means  of  Bourdon's 
gauge.  This  remark  applies  also  to  the  proving  of  boilers  by 
water  pressure. 

From  experiments  made  by  Messra  More  of  Glasgow,  and  by 
the  Author,  it  appears,  that  in  experimento  on  the  tension  an<l 
compression  of  bars,  about  (me-tenth  shotdd  be  deducted  from  the 
pressure  in  the  hydraulic  press  for  the  friction  of  vhe  press  plunger. 

The  measurement  of  tension  and  compression  by  means  of  the 
hydraulic  press  is  but  a  rough  approximation  at  the  best.  It  may 
be  sufficient  for  an  immediate  practical  purpose ;  but  for  the  exact 
deteiTQination  of  general  laws,  although  the  load  may  be  applied 
at  one  end  of  the  piece  to  be  tested  by  means  of  a  hydraulic  press, 
it  ought  to  be  resisted  and  measured  at  the  other  end  by  means  of 
a  combination  of  levers  such  as  that  used  at  Woolwich  Dockyard, 
and  described  by  Mr.  Barlow. 

61.  Teucitj  {A,  M,y  265,  268,  269).— The  ultimate  strength 
or  breaking  load  of  a  bar  exposed  to  direct  and  uniform  tension  is 
the  product  of  the  area  of  cross-section  of  the  bar  into  the  tenacity 
of  the  material.     Therefore,  let 

P  denote  the  breaking  load,  in  pounds ; 

S  the  area  of  section,  in  square  inches ; 

/the  tenacity,  in  pounds  on  the  square  inch  ;  then 

P=/S;    S  =  ? (1.) 

The  following  are  some  of  the  most  useful  values  of  the  tenacity 
of  materials  used  in  machinery,  in  lbs.  on  the  square  inch : — 
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Metals. 

Bronze  or  gnn  metal  (copper  8^  tin  i), 36,000 

Copper,  cast, 19,000 

„       sheets 30,000 

„       bolts, 36,000 

„       wire,.... .....60,000 

Iron,  cast^  yarious  qualities, i3>400  to  29,000 

„       „    average  British, about  16,500 

Iron,  malleable:  boilerplates, 51,000 

„  „  bars,  rods,  and  bolts,... 60,000  to  70,000 

„  „  "wire, 70,000  to  100,000 

Steel, 100,000  to  130,000 

Timber. 

Ash, 17,000 

Fir  and  pine, 12,000  to  14,000 

Oak, 10,000  to  19,800 

Teak,  Indian, 15,000 

Miscellaneous. 

Hempen  cables, 5»^oo 

Iron  wire  ropes,  per  aqua/re  mch  qfiron, 90,000 

>»  »      per  pouaidtoeiglU  to  the  fathom, 4^480 

Leathern  belts,  working  tension, 285 


62,  CyilndricBi  Boiler*  sad  Pipes. — Let  r  denote  the  radius  of  a 
thin  hollow  cylinder,  such  as  the  shell  of  a  high  pressure  boiler ; 

t  the  thickness  of  the  shell ; 
/the  tenacity  of  the  material,  in  pounds  per  square  inch ; 

p  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re- 
quired to  burst  the  shell.  This  ought  to  be  taken  at  six  times  the 
effective  working  ^veasure—^ective  pressure  meaning  the  excess  of 
the  pressure  fix)m  within  above  the  pressure  &om  without,  which 
last  is  usually  the  atmospheric  pressure,  of  14*7  lbs.  on  the  square 
inch  or  thereabouts. 

Then 

P-^T <^-> 

and  the  proper  proportion  of  thickness  to  radius  is  given  by  the 
fonnular--- 

H « 


1 
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The  tenacity  of  good  wrought  iron  boiler  plates  has  been  stated 
as  51,000  lbs.  per  square  inch.  That  of  a  double  rivetted  joint, 
per  squa/re  incK  of  the  iron  left  between  ths  rivet  holee,  is  the  same ; 
that  of  a  single  rivetted  joint  somewhat  less,  as  the  tension  is  not 
uniformly  distributed.  It  is  conyenient  in  practice  to  state  the 
tenacity  of  rivetted  joints  in  lbs.  per  mpiare  inch  of  the  entire  pUUe; 
and  it  is  so  stated  in  the  annexed  table,  in  which  the  results  for 
rivetted  joints  are  from  the  experiments  of  Mr.  Fairbaim,  and 
that  for  a  welded  joint  from  an  experiment  by  Mr.  Dunn.  The 
joints  of  plate  iron  boilers  are  single  rivetted ;  but  fix)m  the  man- 
ner in  which  the  plates  break  joint,  analogous  to  the  bond  in 
masoniy,  the  tenacity  of  such  boilers  is  considered  to  appixmch 
more  nearly  to  that  of  a  double  rivetted  joint  than  that  of  a  single 
rivetted  joint 

Wrought  iron  plate  joints,  double  rivetted,  the  dia- 
meter of  each  hole  being  ^jf  of  the  distance  from 

centre  to  centre  of  holes, 35^700 

Wrought  iron  plate  joints,  single  rivetted, 28,600 

Wrought  iron  boiler  shells,  with  single  rivetted  joints 

properly  crossed, 34)000 

Wrought  iron  retort,  with  a  welded  joint, 30> 7  5<5 

Cast   iron   boilers,   cylinders,    and    pipes   (average 
British  iron), 16,500 

63.  Spherical  8helli^  such  as  the  ends  of  '*  egg-ended**  cylindi*ical 
boilers,  the  tops  of  steam  domes,  &c.,  are  ttvice  as  strong  as  cylin- 
drical shells  of  the  same  radius  and  thickness. 

Suppose  a  shell  of  the  figure  of  a  segment  of  a  sphere  to  have  a 
circular  flange  round  its  base,  through  which  it  is  bolted  to  a  flange 
upon  a  cylindrical  shell,  or  upon  another  spherical  shelL 

Let  r  denote  the  radius  of  the  sphere,  in  inches ; 

/,  the  radius  of  the  circular  base  of  the  segmental  shell,  in  inches ; 

Py  the  bursting  pressure,  in  lbs.  on  the  square  inch ; 
then  the  number  and  dimensions  of  the  bolts  by  which  the  flange 
is  held  should  be  such,  that  the  load  required  to  tear  them  asunder 
all  at  once  shall  be 

31416  7-'2p; (1.) 

and  the  flange  itself  should  require,  in  order  to  crush  it,  the  follow-' 
ing  thrust  in  the  direction  of  a  tangent  to  it : — 

I  p  f'  •  JW^n^ (2.) 

If  the  segment  is  a  complete  hemisphere,  r^  =  r,  and  the  last 
expression  becomes  =  0. 
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Besistance  to  a  crushing  force  will  be  considered  £Eirther  on. 

64.   Thick  noiiow  C7iui4«r  {A.  Af,,  273i — The  assumption  that 
the  tension  in  a  hollow  cylinder  is  uniiormly 
distributed  throughout  the  thickness  of  the  shell 
is  approximately  true  only  when  the  thickness 
is  small  as  compared  with  the  radius. 

Let  R  represent  the  external  and  r  the  in- 
ternal radius  of  a  thick  hollow  cylinder,  such  as 
a  hydratdic  press,  the  tenacity  of  whose  material 
is^  and  whose  bursting  pressure  is^.    Then  we  pig.  20. 

must  have 


and,  consequently, 


R»  +  ,3-/' \^-) 

? = V  my- « 


by  means  of  which  formula,  when-  Vy/,  and  p  are  given,  R  may  be 
computed 

65.  Thick  Hollow  Sphovo  (J.  if.,  275). — In  this  case,  using 
the  same  symbols  as  in  the  last  Article,  the  following  formula  give 
the  ratios  of  the  bursting  pressure  to  the  tenacity,  and  of  the 
external  to  the  internal  radius. : — 


p  _  2  Rg  --  2  r» 


(1.) 


/"    R8+  2r«  ' 


2/-P 

66.  Boiler  msnru  {A.  3f,,  276). — The  sides  of  locomotive  fire- 
boxes, the  ends  of  cylindrical  boilers,  and  the  sides  of  boilers  of 
irregular  figures  like  those  of  marine  steam-  engines,  are  often  made 
of  flat  plates,  which  are  fitted  to  resist  the  p:essure  r — y 

from  within  by  being  connected  together  across  the     000  !__^ 
water-space  or  steam-space  between  them  by  tie-     o     o     o     o 
bars,  called  stays  when  long,  bolts  when  short. 
For  example,  fig.  21  represents  part  of  the  flat  side 
of  a  locomotive  fire-box,  and  shows  the  arrange-     0000 
ment  of  the  bolts  by  which  it  is  tied  to  the  flat  Fig.  21. 

plate  at  the  other  side  of  the  water-space. 

Each  of  these  bolts  or  stays  sustains  the  pressure  of  the  steam 
against  a  certain  area  of  the  plate  to  which  it  is  attached.  Thus, 
in  fig.  21,  the  bolt  a  resists  the  pressure  of  the  steam  on  the  square 
area  which  siurounds  it,  and  whose  side  is  equal  to  the  distance 
from  centre  to  centre  of  the  bolts. 
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Let  a  be  the  sectional  area  of  a  stay ;  A,  tliat  of  the  portion  of 
flat  plate  which  it  holds ;  p,  the  bursting  pressure,  and/  the  tenacity 
of  the  material  of  the  stay.    Then 

Experience  has  shown,  that  the  plate,  if  its  material  is  as  strong 
as  that  of  the  stay,  should  have  its  thickness  equal  to  half  His 
diameter  of  the  stay.  If  the  plate  be  of  a  weaker  material  thim  the 
stf^  its  thickness  should  be  proportionally  increased 

The  flat  ends  of  cylindrical  boilers  are  sometimes  stayed  to  the 
cylindrical  sides  by  means  of  triangular  plates  of  iron  called  ^'gue- 
sets.**  These  plates  are  placed  in  planes  radiating  from  the  axis  of 
the  boiler,  and  have  one  edge  fixed  to  the  flat  end,  and  the  other 
to  the  cylindrical  body.  Each  gusset  sustains  the  pressure  of  the 
steam  against  a  sector  of  the  flat  circular  end.  Considering  that 
the  resultant  tension  of  a  gusset  must  be  concentrated  near  one 
edge,  it  appears  advisable  that  its  sectional  area  should  be  three  or 
four  times  that  of  a  stay  bar  suited  for  sustaining  the  pressure  on 
the  same  area. 

The  best  experimental  data  respecting  the  strength  of  boilers  are 
due  to  the  researches  of  Mr.  Fairbaim,  especially  those  recorded  in 
his  work  called  Useful  InforrruUion  for  Engineers, 

67.  Cyiiadrtcai  Fines. — When  a  thin  hollow  cylinder,  such  as  an 
internal  boiler  flue,  is  pressed  from  without,  it  gives  way  by 
collapsing^  under  a  pressure  whose  intensity  has  been  found  by 
Mr.  Fairbaim  (Pkilos.  Trans.,  I808)  to  vaiy  nearly  according  to 
the  following  laws  : — 

Inversely  as  the  length ; 

Inversely  as  the  diameter ; 

Inversely  as  a  function  of  the  thickness,  which  ia  very  nearly 
the  power  whose  index  is  2*19;  but  which  for  ordinaiy  practical 
purposes  may  be  treated  as  sensibly  equal  to  the  square  of  the 
thickness. 

The  following  formula  gives  approximately  the  collapsing  pressure 
p,  in  lbs.  on  the  square  inch,  of  a  plate  iron  flue,  whose  length  l, 
diameter  d,  and  thickness  t,  are  all  expressed  in  tlte  same  units  of 
measure : — 

p  =  9,672,000  f^ (1.) 

Let  t  and  d  be  expressed  in  inches,  and  let  L  be  the  length  in 
feet;  the  above  formula  becomes 

p  =  806,000  — (2.) 
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As  the  resistance  of  flues  to  collapse  depends  veiy  mucli  on  their 
being  exactly  cylindrical,  Mr.  Fairbaim  recommends  that  they 
shoidd  be  made,  not  with  lap  joints,  like  boiler  shells,  but  with 
butt  joints  and  covering  strips. 

Mr.  Fairbaim  having  strengthened  tubes  by  rivetting  round 
them  rings  of  T-iron,  or  angle  iron,  at  equal  distances  apaiH},  finds 
that  their  strength  is  that  corresponding  to  the  length  from  ring  to 
ring.  Safety  requires  that  the  collapsing  pressure  of  a  flue  should 
be  the  same  with  the  bursting  pressure  of  tiie  boiler  shell  in  which 
it  is  contained;  and  for  other  reasons  it  is  desirable  that  the  plates 
of  the  flue  should  be  of  the  same  thickness  with  those  of  the  shelL 
The  thickness  of  the  shell  having  been  adapted  to  a  given  bursting 
pressure  by  the  formula  of  Article  62,  and  the  same  thickness  having 
been  assumed  for  the  flue,  its  collapsing  pressure  is  to  be  computed 
by  the  formuls  1  or  2  of  this  Article,  putting  for  Z  or  L  the  whole 
length  of  the  boiler.  Should  the  collapsing  pressure  so  calculated 
prove  less  than  the  bursting  pressure  of  the  sheU,  let  n  be  either 
the  ratio 

bursting  pressure 
collapsing  pressure' 

if  that  is  a  whole  number,  or  the  nearest  whole  number  exceeding 
that  ratio,  if  it  is  fractional ;  then  n  —  \  rings  are  to  be  rivetted 
round  the  flue,  so  as  to  divide  its  length  into  n  equal  divisions; 
when  it  will  become  as  nearly  as  possible  of  the  same  strength  with 
the  shell. 

68.  EiUpiicai  fib««. — Mr.  Fairbaim  finds  that  the  collapsing 
pressure  of  a  flue  of  an  elliptic  form  of  cross-section  is  found 
approximately  by  substituting  in  the  formulae  of  the  preceding 
Article,  for  dy  the  diameter  of  the  osculating  circle  at  the  flattest 
part  of  the  ellipse;  that  is,  let  a  be  the  greater,  and  6  the  less 
semi-dxia  of  the  ellipse;  then  we  are  to  make 

,      2o« 
a  =     ,  » 
o 

69.  ilhearlBg  Force  of  Keyst  Plast    Bolls,  RItcIs*  &e*    (A,  M,^ 

280). — In  machines,  cases  occur  in  which  the  principal  pieces,  such 
as  plates,  links,  or  bars,  being  themselves  subjected  to  a  direct 
pull,  are  connected  with  each  other  at  their  joints  by  fEisteningSy 
such  as  rivets,  bolts,  pins,  screws,  cotters,  or  keys,  which  are  under 
the  action  of  a  shearing  force.  It  is  in  every  such  case  important, 
that  the  pieces  connected  and  their  fastenings  should  be  of  equal 
strength. 

Let /denote  the  resistance  per  square  inch  of  the  material  of  the 
principal  pieces  to  tearing;  S,  the  total  sectional  area,  whether  of 
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ooe  piece  or  of  two  or  more  parallel  pieces,  which  must  be  torn 
asunder  in  order  that  the  structure  may  be  destroyed;  f*y  the 
resistance  per  square  inch  of  the  material  of  the  fastenings  to 
shearing;  S',  the  total  sectional  area  of  fastenings  at  one  joint, 
•which  must  be  sheared  across  in  order  that  the  connection  may  be 
destroyed  ;  then  the  principal  pieces  and  their  £Eutenings  ought  to 
be  so  proportioned,  that 

/S  =/'S'j  or|  =  L,:. (1.) 

For  wrought  iron  rivetted  plates,  taking  the  value  of/'  as  detei> 
mined  by  the  experiments  of  Mr.  Doyne,  we  have 

•^=  1  nearly,  and  .  •.  S' =  S (2.) 

For  wrought  iron  bars  connected  by  bolts  or  rivets,  we  have 

^      f)                                  ft 
^  =  -^  nearly,  and  .  •.  S'  =  -v  S (3.) 

The  following  are  the  resistances  of  some  materials  to  shearingi 
in  pounds  on  the  square  inch  : — 

Cast  iron, 32,500 

Wrought  iron, 50,000 

Fir  and  pine, 500  to  800 

Oak, 2,300 

70.  R«il»taiic«  to  DIrtMrt  CrnslilBg  {A,  if.,  282-4,  286). — The 
formulse  of  this  Article  have  reference  to  direct  crushing  only,  and 
are  limited  in  their  appKcation  to  those  cases  in  which  the  pillars, 
blocks,  struts,  or  rods,  along  which  the  pressure  acts  are  not  so 
long  in  proportion  to  their  diameter  as  to  have  a  sensible  tendency 
to  give  way  by  bending  sidewaya     Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocks  of  ordinary  proportions ; 

Pillars,  rods,  and  struts  of  cast  iron,  in  which  the  length  is  not 
more  than  five  times  the  diameter,  approximately ; 

Pillars,  ix)ds,  and  struts  of  wrought  iron,  in  which  the  length  is 
not  more  than  ten  times  the  diameter,  approximately ; 

Pillars,  rods,  and  struts  of  dry  timber,  in  which  the  length  is  not 
more  than  about  twenty  times  the  diameter. 

Let  P  denote  the  croaking  load  of  the  piece ; 

S  the  area  of  its  tranverse  section  in  square  inches ; 

y  the  resistance  of  the  material  to  crushing,  in  lbs.  on  the  square 
inch;  then  p 
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MATEMALa  ,     CrnBhing  preewn^ 

in  lbs.  on  the  square  inch. 

Brick,  red, 550  to  1,100 

Fire  brick, 1,700 

Granite, 5,5oo  to  11,000 

Limestone, 4,000  to  4,500 

Sandstone, 2,200  to  5,500 

Rubble  masonry, A  of  cut  stone. 

Cast  brass, 10,300 

Cast  iron, 82,000  to  145,000 

„      „     average, 112,000 

Wrought  iron, about  36,000  to  40,000 

Ash  (drj,  along  the  grain), 9,000 

Oak,  elm,      „  „         10,000 

Fir,  pine,       „  „         5,400  to  6,200 

Teak,  Indian,  „         12,000 

The  resistance  of  timber  to  crushing,  while  green,  is  about  one* 
half  of  its  resistance  after  having  been  dried. 

71.   Resistance  of  Iron  Rods  an4  Pillars  to  Crnshiiig  hj  MetUUmg 

(A,  M,,  327-335). — Pillara  and  struts  whose  lengths  exceed  their 
diameters  in  considerable  proportions  (as  is  almost  always  the  case 
.  with  those  of  timber  and  metal),  give  way,  not  by  direct  crushing, 
but  by  bending  sideways  and  oreaking  across — ^being  crushed  at 
one  side  and  torn  asunder  at  the  other. 

Let  P  be  the  crushing  load  of  a  long  rod  or  pillar,  in  lb&  ; 

S  the  sectional  area  of  material  in  it,  in  square  inches ; 

,'  ..   ,     ®^  '  ,  J.        .       >  both  in  the  same  units  of  measure. 

A,  its  least  external  diameter,  j 

Then,  approximately — 

p=-^ (1.) 

The  following  are  the  values  of/  and  a,  as  computed  by  Mr. 
Gordon  from  Mr.  Hodgkinson*s  experiments  on  pillars  fixed  at 
BOTH  ENDS,  by  having  flat  capitals  and  bases: — 

f,  lbs.  per  inch.             a. 
Wrought  iron, 36,000  , 

Cast  iron, 80,000  . 

'  '  400 

A  pillar  or  rod  rounded  ob  jointed  at  both  ends  is  as  flexible 
as  a  pillar  of  the  same  diameter^  flxed  at  both  ends,  and  of  double 
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the  length,  and  its  strength  is  nearly  the  same.  Hence,  for  such 
pillars — 

P  =  -^. (2.) 

l  +  ^n* 

Mr.  Hodgkinson  found  the  strength  of  a  pillar,  fixed  cU  one  end  and 
rounded  at  the  other  to  be  a  mean  between  the  strengths  of  two 
pillars  of  the  same  length  and  diameter,  one  fixed  at  both  ends,  and 
the  other  rounded  at  both  ends. 

In  using  the  formule,  the  ratio  ,-  is  generally  fixed  beforehand, 

to  a  degree  of  approximation  sufficient  for  the  purposes  of  the  cal- 
culation. 

CoNNECTiNO  ROi>s  of  doubh  acting  steam  engines  are  to  be  con- 
sidered as  in  the  condition  of  pillars  rounded  at  both  ends;  piston 
BODS,  as  in  the  condition  of  pillars  fixed  at  one  end  and  rounded  at 
the  other. 

The  piston  rods  of  single  act\ng  steam  engines  are  exposed  to 
tension  only. 

In  wrought  iron  framework  and  machinery,  the  bars  which  act 
as  struts,  in  order  that  they  may  have  sufficient  stiffness,  are  made 
of  various  forms  in  ci^oss-section,  well  known  as  "  angle  iron," 
"  channel  iron,"  "  T-iron,"  "  double  T-iron,"  &c.  In  each  of  these 
forms,  the  line  to  be  considered  as  represented  by  h  in  the  formulsd 
is  the  diameter  in  that  direction  in  which  the  bai-  is  most  flexible 
of  a  triangle  or  rectangle  circumscribed  about  its  section. 

Wroug^  iron  cells  are  rectangular  tubes  (generally  square) 
usually  composed  of  four  plate  iron  sides,  rivetted  to  angle  iron 
bars  at  the  cornel's.  The  tdtimate  resistance  of  a  single  square  cell 
to  crushing  by  the  buckling  or  bending  of  its  sides,  when  the  thick- 
ness of  the  plates  is  not  less  tl^n  ana-thirtieth  of^te  diameter  ofUie 
cell,  as  determined  by  Mr.  Fairbaim  and  Mr.  Hodgkinson,  is 

27,000  lbs.  per  square  inch  section  of  iron ; 

but  when  a  number  of  cells  exist  side  by  side,  their  stiffness  is 
increased,  and  their  ultimate  resistance  to  a  thrust  may  be  taken  at 

33,000  to  36,000  lbs.  per  square  inch  section  of  iron. 

The  latter  co-efficients  apply  also  to  cylindrical  cella 

72.  IMKBsfli  or  Timkcr  Poats*  Simto*  an4  ConnccllBK  Rods. — The 

following  formula  is  given  on  the  authority  of  Mr.  Hodgkinson*s 
experiments,  for  the  vUimate  resistance  of  posts  of  oak  and  red  pine 
to  crushing  by  bending : — 
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P  =  A'i*S; (1.) 

S  being  the  sectional  area  in  square  inches,  h :  I  the  ratio  of  the 
least  diameter  to  the  length,  and  A  =  3,000,000  Iba  per  square 
inch. 

The /cietor  of  safety  for  the  working  load  of  timber  is  10. 

For  square  posts  and  struts,  the  formula  becomes 

I^  =  aJ^ (2.) 

If  the  strength  of  a  timber  post  be  computed  both  hj  this  for- 
mula and  by  the  formula  for  direct  crushing,  viz. : — 

P=/S, (3.) 

the  lesser  value  should  be  adopted  as  the  true  strength. 

Timber  connecting  rods  for  steam  engines,  being  in  the  condition 
of  pillars  jointed  at  both  ends,  are  of  the  same  istrength  with  Jixed 
jnllars  of  double  the  length. 

73.  RcsiattiBce  to  Cnw  BraakiMff. — ^The  formulffi  of  this  Article 
are  applicable  not  only  to  beams  for  supporting  weights,  but  to 
levers,  cross-heads,  cross-tails,  axles,  journals,  cranks,  and  all  pieces 
in  machineiy  or  framework  to  which  forces  are  applied  tending  to 
break  them  acro»?. 

The  tendency  of  a  force  to  bend  or  break  a  beam  is  called  the 
moment  of  fiexwre.  It  is  the  product  of  the  'magnitude  of  the  force 
into  its  leverage — ^that  is,  into  the  perpendicular  distance  from  the 
line  of  action  of  the  force  to  the  place  where  the  beam  will  soonest 
give  way. 

When  the  load  is  distribiUed  over  a  finite  length  of  the  beam, 
the  levei'age  of  its  restdtant  is  to  be  taken. 

The  place  where  the  beam  will  soonest  give  way  is — 

In  a  beam  fixed  at  one  end  and  free  at  the  other,  the  boundary 
between  the  fixed  and  free  parts  ; 

In  a  beam  supported  at  both  ends  and  loaded  at  any  intermedi- 
ate point,  or  supported  at  any  intermediate  point  and  loaded  at  the 
ends,  the  intermediate  point; 

In  a  beam  supported  at  both  ends,  with  an  uniformly  distributed 
load,  the  middle  of  the  beam. 

The  ma,gnittids  of  the  load  is  most  conveniently  expressed  in 
pounds,  and  the  leverage  in  inches;  so  that  the  mofnent  of  flexure 
may  be  said  to  be  expressed  in  inch-pounds. 

In  the  following  formulae,  W  denotes  the  toted  load,  in  pounds; 

e,  in  beams  fixed  at  one  end  and  free  at  the  other,  the  length  of 
the  free  party  in  inches  ; 
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Cj  in  beams  either  loaded  or  supported  at  both  ends,  the  fiolf 
span,  between  the  extreme  points  of  load  or  support  and  the  middle, 
in  inches ; 

M,  the  moment  of  flexure  in  inch-pounds. 


'  fixed  at  one  end  and  loaded  ) 
at  the  other, j 


For  beams 


M  =  cW 


(1.) 


fixed  at  one  end 
formly  loaded,.., 


and 


uni- ) 


M=: 


cW 


(2.) 


supported  at  both  ends  and 
loaded  at  an  intermediate 
point,  whose  distance  from 
the  middle  of  the  beam  is  x, 


M  =  !^^..,3.) 


cW 


supported  at  both  ends  and  )    /«._n\.  m_^        r±  \ 
loaded  in  the  middle, /   ^*-"^'  J>^— g— V*) 


supported  at  both  ends  and  ) 
uniformly  loaded, j 


M=: 


cW 


(5.) 


If  W  be  the  intended  breaking  load  of  the  piece,  found  by  mul- 
tiplying the  working  load  by  a  proper  factor  of  safety,  M  will  be 
the  moment  o/ rupture,  to  which  the  resistance  to  rupture  at  the 
place  where  the  tendency  to  break  is  greatest  must  be  made  equal. 

That  resistance  is  given  by  the  formula — 

M  =  nfbh^ (6.) 

in  which  ^   ^ 

b  denotes  the  extreme  breadth  of  the  piece,  in  inches; 

h  its  extreme  depth,  in  inches; 

/  a  factor  depending  on  the  material,  called  the  modulus  of  rup- 
ture, in  pounds  on  the  square  inch; 

n  a  &ctor  depending  on  the  figure  of  the  cross-section. 

M  having  been  computed  from  the  breaking  load  and  its  lever- 
age, and  /and  n  being  known,  the  scantling  or  transverse  dimen- 
sions of  the  beam  are  to  be  such  that 


(7-) 


It  is  obvious  that  the  breadth  and  depth  may  be  varied,  and  still 
give  the  product  b  h^  the  same  value ;  but  there  are  limits  to  that 
variation  founded  on  considerations  of  stiffiiess  and  stability,  which 
make  it  desirable  that  in  most  cases  h  should  not  greatiy  difier 
from  OTie-fourteenth  of  the  span,  unless  there  be  special  reasons  to 
the  contrary. 
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The  following  table  gives  examples  of  the  values  of  the  factor  n 
for  some  of  the  more  usual  forms  of  cross-section : — 

I.  Rectangle  6  A  (including  square), g- 

11.  Ellipse,  vertical  axis  h,  horizontal  axis  6,)      1     __  0*0982 
(including  circle,  for  which  6  =  A,) )   10-2 

III.  Hollow  rectangle,  hh  —  }/K\  also  I-formed  \     \    ^      }/  jff9\ 

section,   where  6'  is    the   sum  of   the  V    -  (1  — 'TTi^)- 
breadths  of  the  lateral  hollows, j  ^  ^ 

1     /      h'^\ 

IV.  Hollow  square,  A2_7*'2 -    V'/V' 

V.  Hollow  eUipse. i^  (l-f^7 

VI.  Hollow  circle, T^  04^- 

Modulus  of  Kuftube,  in  Lbs.  on  the  Square  Ikch. 

Wrought  iron,  plate  beams, 42,000 

„  „       bars  and  axles, 54,000 

Cast  iron, 1^8,750  +  23,000—, 

ft 

(where  H  is  the  dep^  of  solid  meial  in  the  section  of  the 

beam,  and  h  the  extreme  depth) 

Ash, T2,ooo  to  14,000 

Fir,  pine, 7,000  to  12,300 

Larch, 5,ooo  to  10,000 

Oak,  British,  Russian,  and  American, 10,000  to  13,600 

Teak, 14,800 

The  modulus  of  rupture  is  etghken  times  the  load  required  to 
break  a  bar,  one  inch  square,  supported  at  two  points,  one  foot 
apart,  hj  being  applied  in  the  middle  of  the  bar. 

The  section  for  cast  iron  beams  first  proposed  by  Mr.  Hodgkin- 
son,  in  consequence  of  his  discovery  of  the  fact,  that  the  resistance 
of  cast  iron  to  direct  crushing  is  more  than  six  times  its  resistance 
to  tearing,  consists,  as  in  fig.  22,  of  a  lower  flange  B,  an  upper 
flange  A,  and  a  vertical  web  connecting  them.  The  sectional  area 
of  the  lower  flange,  which  is  subjected  to  tension,  is  nearly  six 
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times  tb&t  of  the  upper  flange,  which  is  subjected  to  thrust     In 
order  that  the  beam,  when  cast,  may  not  be  liable  to  crack  from 

unequal  cooling,  the  vertical  web  has  a  thickness 
at  its  lower  side  nearly  equal  to  that  of  the  lower 
flange,  and  at  its  upper  side,  nearly  equal  to  that 
of  the  upper  flange. 

o        The  tendency  of  beams  of  this  class  to  break  by 

tearing  of  the  lower  flange  is  slightly  greater  than 
the  tendency,  to  break  by  crushing  of  the  upper 
flange;  and  their  modulus  of  rupture  is  equal,  or 
nearly  equal,  to  the  direct  tenacity  of  the  iron  of  which  they  are 
made,  being,  on  an  average  of  diflerent  kinds  of  British  iron, 
16,500  lbs.  per  square  inch. 

The  following  formula  for  the  moment  of  rupture  of  such  beams, 
though  not  strictly  exact,  is  in  general  near  enough  to  the  truth 
for  practical  purposes : — Let  B  be  the  sectional  area  of  the  lower 
flange,  in  square  inches ;  K  the  depth  in  inches  from  the  centre  of 
the  upper  flange  to  the  centre  of  the  lower  flange;  then 

M  =  16500  A'B. ...(8.) 

74.  RcstoiBBce  t*  irreachtaff. — For  equal  values  of  the  modulus 
of  rupture,  denoted  by^^  the  strength  of  a  cylindrical  axle  to  resist 
wrenching  \a  double  of  its  strength  to  resist  breaking  across. 

Let  I  denote  the  length,  in  inches,  of  the  lever  (such  as  a  crank), 
at  the  end  of  which  a  wrenching  or  twisting  force  is  applied  to  an 
axle;  let  the  working  load,  in  pounds,  multiplied  by  a  suitable 
factor  of  safety  (usually  six)  be  denoted  by  W ;  then 

WZ  =  M (1.) 

is  the  wrencJiing  momenty  in  inch-pounds. 

The  following  are  the  formuke  which  serve  to  compute  the 
dimensions  of  axles  whose  resistances  to  wrenching  shall  be  equal 
to  a  given  wrenching  moment : — 

For  a  solid  axle,  let  A  be  its  diameter;  then 

\=f^;.na^  =  ^y^..: (2.) 

For  a  hollow  axle,  let  Aj  be  the  external  and  h^  the  internal 
diameter;  then 


~     51*1     ~61     V'h))' 


t    51 M     ) 


(3.; 
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which  last  formula  serves  to  compute  the  diameter  of  a  hollow 
axle  when  the  rcUio  A^ :  A^  of  its  internal  and  external  diameter  has 
been  fixed. 

The  values  of  the  modulus  of  wrenching /i 


For  cast  iron, about  30,000 

For  wrought  iron, „     54,000 

and  taking  six  as  the  factor  of  safety,  if  we  put  the  working 
nwment  of  torsion  for  M  in  the  formulsB  instead  of  the  wrenching 
viomeni,  we  may  put  instead  off- — 

For  cast  iron, 5>ooo 

For  wrought  iron, 9,000 

75,    Twflstlaff  audi  Beadtaff  €«MblM«    (A,    M.,    325). — One    of 

the  most  important  examples  of  this  is  shown  in  fig.  23,  which 
represents  a  shaft  having  a  crank  at  one 
end.  At  the  centre  of  the  crank-pin  P  is  ap- 
plied the  pressure  of  the  connecting  rod;  and  at 
the  centre  of  the  bearing  S  acts  the  equal  and 
opposite  resistance  of  that  bearing.  Represent- 
ing the  common  magnitude  of  those  forces  by 
P,  they  form  a  couple  whose  moment  is 

M  =  P  •  SP. 

Draw  S  Q  bisecting  the  angle  P  S  M.     On  S  Q 

let  fall  the  perpendicular  P  Q.    From  Q  let  fall  Fig.  23. 

Q  M  perpendicular  to  S  M. 

Calculate  the  diameter  of  the  shaft  as  if  to  resist  the  bending 
action  of  P  applied  at  M,  and  it  will  be  strong  enough  to  resist  the 
combined  bending  and  twisting  action  of  P  applied  at  the  point 
marked  P. 

To  express  this  symbolically,  taking  the  factor  of  safety  at  6,  let 
"W  =  6  P.     Make  the  angle  P  S  M  =  j ;  then 

and  the  diameter  h  of  the  axles  is  to  be  suited  to  the  moment  of 
breaking 


M*  =  W-  SM  =  W  •  SP  ^-^^. (1.) 

that  is, 

A=V^ (2.) 
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76.  Tc0ih  •€  Wheels. — The  following  is  Tredgold*s  fonnula  for 
the  thickness  of  the  cast  iron  teeth  of  wheels,  which  are  to  trans- 
mit the  working  pressure  P. 

Let  that  pressure  be  expressed  in  poundsf,  and  the  thickness  h  of 
each  tooth  in  inches;  then 


Section  9. — Prime  Movers  Ckutsed. 

77.  Prime  movers  are  classed  according  to  the  forms  in  which 
the  energy  that  drives  them  is  first  obtained.     These  are — 

I.  Muscula/r  Power,  applied  by  men  to  machines  and  implements 
of  very  various  kinds, — and  by  beasts,  chiefly  to  overcoming  resist- 
ance by  traction  and  to  cariying  of  burdena 

II.  The  Weight  and  Motion  of  Fluids,  acting  in  water  pressure 
engines,  water  wheels,  and  other  hydiuulic  engines,  and  in  wind- 
mills. 

III.  Healy  obtained  by  means  of  chemical  combination,  and 
applied  to  the  producing  of  changes  in  the  volume  and  pressure  of 
fluids,  so  as  to  drive  engines,  of  which  the  steavi  engine  is  the  chief. 

lY.  ElectricUy,  obtained  originally  by  means  of  chemical  com- 
bination, and  applied  to  the  production  and  alteration  of  magnetic 
force,  so  as  to  (hive  certain  engines. 

The  division  of  the  remainder  of  this  work  is  founded  on  tho 
above  classification. 


PART  I. 

OF  MUSCULAR  POWER. 


CHAPTER  L 

GEKEBAL  PRINCIPLES. 

78.  NatBK  •€  the  fiiibi«ct» — ^Although  it  has  been  shown,  in  a 
paper  by  Dr.  Joule  and  the  late  Dr.  Scoresbj  {Phil.  Mag,,  1846), 
that  animals  acting  as  prime  movers  have  a  higher  efficiency  than  any 
inorganic  machines,  still  the  present  state  of  our  knowledge  is  in- 
sufficient to  enable  us  to  frame  a  complete  theory  of  their  efficiency. 
We  cannot  determine  with  precision  the  whole  amount  of  energy 
which  a  given  animal  developes  in  a  given  time,  so  as  to  compare 
that  amount  with  the  energy  which  can  be  rendered  effective  in 
the  same  time  in  overcoming  mechanical  resistance.  All  that  we 
can  do  is  to  ascertain  by  experiment  and  observation  the  quantities 
of  effective  energy  exerted  by  different  animals  working  under  dif- 
ferent circumstances,  and  to  compare  those  quantities  with  each 
other. 

In  the  present  chapter  will  be  stated  some  principles  which  hold 
respecting  the  muscular  power  both  of  men  and  of  beasts.  The 
power  of  men  will  be  considered  specially  in  the  second  chapter, 
and  that  of  beasts  in  the  third. 

79.  The  Dally  WOTk  of  an  animal  is  the  product  of  three  quan- 
tities— ^the  reeistanee  overcome,  the  vdocUy  with  which  it  is  over- 
come, and  the  number  of  wrdts  of  time  per  day  during  which  work 
is  continued.  It  is  known  that  the  amount  of  the  daily  work 
depends  on  various  circumstances,  of  which  the  principal  are — 


!1.)  The  species  and  race. 
2J- 


The  health,  strength,  activity,  and  disposition  of  the  in- 
dividual. 

(3.)  The  abundance  and  quality  of  food  and  air,  the  climate, 
and  other  external  circumstances  affecting  those  mentioned  under 
head  2. 


i4.)  The  load,  or  resistance  overcoma 


The  velocity. 
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(6.)  The  fraction  of  the  day  employed  in  working. 

(7.)  The  natm-e  of  the  machine  or  implement  used  in  performing 
the  work.  This  cause  affects  men  more  especially,  owing  to  the 
variety  and  complexity  of  the  machines  on  which  they  can  exert 
their  muscular  power.  Beasts  are  made  to  work  almost  exclusively 
in  two  ways — Iby  traction  and  by  carrying  of  burdens  j  so  that 
little  variation  in  the  amount  of  their  mechanical  work  arises  from 
the  circumstances  tinder  the  present  head 

(8.)  The  practice  and  training  of  the  individual  This  applies 
principally  to  men,  and  in  a  less  degree  to  beasts. 

80.  laflaciice  •€  I^MUIt  Telocltf,  ■■«  Time  ^f  Working  •■  BaUy 
^Vorfc. — It  is  known  that  for  each  individual  animal  there  is  a  cer- 
tain set  of  values  of  the  three  factors  of  the  daily  work  which 
makes  their  product  a  maximum,  and  is  therefore  the  best  for 
economy  of  power,  and  that  any  departure  from  that  set  of  values 
diminishes  t^e  daily  work.  Various  attempts  have  been  made  to 
represent  the  law  of  that  diminution  by  an  equation,  but  they 
have  succeeded  imperfectly.  The  equation  which  agrees  on  the 
whole  best  with  observation  is  that  of  Maschek,  which  is  as  fol- 
lows : — Let  Rj,  V^,  T,,  represent  respectively  the  resistanoe,  velo- 
city, and  daily  time  of  working  which  give  the  greatest  daily  work, 
and  R,  Y,  T,  any  other  resistance,  velocity,  and  daily  time  of  work- 
ing; then 

|+T,+r,=3 (1) 

According  to  this  equation,  the  maximum  daily  work  B^Y^T^  is 
realized  under  the  following  circumstances : — 

Rj  is  one-third  of  the  resistance  which  the  man  or  beast  can 
overcome  for  an  instant  and  no  more. 

Y J  is  one-third  of  the  velocity  which  can  be  maintained  without 
resistance  for  an  instant 

T^  is  one-third  of  a  day.  This  lajst  principle  is  generally  ad- 
mitted to  be  true;  the  others  are  doubtful 

The  above  formula  agrees  approximately  with  experiment  for 
circumstances  not  greatly  deviating  from  those  in  which  the  daily 
work  is  a  maximum. 

81.  laflacace  ^f  Other  circani«i«aces. — ^The  droumstanoes  num- 
bered d,  5,  and  6  in  Article  79  have  been  considered  fii'st,  because 
for  them  alone  has  anything  approaching  to  a  mathematical  prin- 
ciple been  ascertained.  The  effect  of  the  circumstance  7  will  be 
considered  in  the  ensuing  chapters.  The  influence  of  the  other 
circumstances,  1,  2,  3,  and  8,  involves  questions  of  natural  history 
and  physiology  rather  than  of  mechanica  With  respect  to  the 
drcumstanoe  3,  it  may  be  stated,  that  other  things  being  alike. 
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the  individual  that  can  beneficiallj  breathe  most  air  and  digest 
most  food,  can  also  perform  most  muscular  work;  and  inasmuch  as 
the  capacity  for  the  beneficial  digestion  of  food  depends  in  a  great 
measure  on  the  capacity  for  the  beneficial  breathing  of  air,  the 
volume,  strength,  and  soundness  of  the  lungs,  and  the  abundance 
and  purity  of  the  air  supplied  to  them,  are  of  primary  importance 
to  muscular  power. 

It  is  well  known  that,  by  a  reciprocal  action,  muscular  exertion 
increases  the  powers  of  respiration  and  digestion. 

S2,  In  the  Transptnt  of  lioads,  cases  sometimes  occur  in  which 
it  is  impossible  exactly  to  determine  the  resistance  overcome  by  an 
animal;  and  it  is  consequently  impossible  to  calculate  the  absolute 
value  of  the  work  performed.  But  a  quantity  can  be  computed  in 
each  such  case  which  bears  some  unknown  proportion  to  the  work 
performed,  viz. : — the  prodtict  of  the  load  itUo  t^te  horiztnUal  distcmce 
over  which  it  is  conveyed.  That  product  is  called  "  transportf^  and 
examples  of  its  values  will  be  given  in  the  sequeL 
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83.  TabiM  •€  the  PcrfmnMiaee  •€  ricm. — ^The  results  in  the  fol- 
lowing tables  are  given  on  the  authority  of  Coulomb,  Navier,  and 
Poncelet,  with  the  exception  of  those  marked  16,  which  are  from 
experiments  by  Lieutenant  David  Bankine. 

L  Work  op  a  Man  against  Known  Resistances. 


B 

V 

T* 

8600 

RV 

• 

RVT 

KZHD  or  EXSBIIOH. 

Ib& 

fl^p.ioc. 

vvW 

(hours 
puday.) 

ft-lba 
per  sec 

ft-lbfl.  p.  day. 

1.  Raising  his  own  weight  up 

stair  or  liulder. 

143 

06 

8 

72-6 

2,088,000 

2.  Hauling   op  weights    with 

rope,   and   lowering   the 

rope  unloaded, 

40 

0-76 

6 

80 

648,000 

3.  Lifting  weights  by  hand,. ... 

44 

0-55 

6 

24-2 

622,720 

4.  Carrying  weights  up  stairs, 

and  returning  unloaded, 

148 

0-13 

6 

18*6 

899,600 

5.  Shovelling  up   earth    to  a 

height  of  5  ft.  8  in., 

6 

* 

.  1-8 

10 

7-8 

280,800 

6.  Wheeling  earth  In  barrow  up 

slope  of  1  in  12,  J  horiz. 

▼eloc  0*9  ft  per  sec,  and 

returning  unloaded, 

182 

0-076 

10 

9-9 

866,400 

7.  Pushing  or  pulling  horizon- 

tally (capstan  or  oar), 

26-6 

2-0 

8 

63 

1,626,400 

(12-6 

6-0 

? 

62-5 

... 

8.  Turning  a  crank  or  winch, . . . 

-J  18-0 

2-5 

8 

46 

1,296,000 

%^ 

(20-0 

14-4 

2mins. 

288 

«•  ■ 

fl-  WorkinflP  nnmn... 

18-2 
16 

2-6 
? 

10 
8? 

33 
? 

1,188,000 
480,000 

_ 

10    HAmmerinir. 

A  w»     AJbotaaa  ais^i  isiifc  i  ••••••••••••••••••• 

ExplancUian, — R,  resistance;  V,  effective  velocity  =  distance 
through  which  R  is  overcome  -r  totjd  time  occupied,  including 
the  time  of  moving  unloaded,  if  any;   T",  time  of  working,  in 

rpi» 

seconds  per  day;  ^^^vtcj  sanie  time,  in  hours  per  day;  R  V,  effective 
power,  in  foot-pounds  per  second;  R  "V  T,  daily  work. 
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11.   PEBFOmCANCB  OF  A  MaN  IN  TRi^lTSPOBTIKa  LOADS 

HORIZOMTALLY. 


KuD  ow  EzntnoK 

L 

Iba. 

V 
ftpiiea 

T 

8600 

(hours 

p.  day.) 

Iba.  con-  .^ 
reyed    Ibaeonyeyed 
Ifoot         Ifoot 

11.  Walking  unloaded,  transport 
of  own  waight, 

14(^ 

224 

182 
90 

140 
(262 
-{126 
(    0 

6 

11-7 
28-1 

10 

10 

10 

7 

6 

... 
... 

... 

700 

873 
220 
226 

288 
0 
1474-2 
0 

26,200,000 

18,428,000 
7,920,000 
6,670,000 

6,082,800 

•  •  • 

•  «• 

«■• 

12.  Whmling  load  L  in  2-wltld 
barrow,  retom.  unloaded,. 

18.  Ditto  in  1-wh.  barrow,  ditto, 

14.  Travelling  with  burden, 

16.  Carrying  burden,  returning 
unloaded, 

16.  Carrying  burden,  for  80  ae- 
oondfl  only.. .at.... .......... 

Expla/nation, — ^L,  load ;  Y,  effhctive  vdocUy^  computed  as  before; 

rp»» 

T",  time  of  'working,  in  seconds  per  day;  'ocFvRi  ^  liours  per  day,  as 

before;  LV,  Vransport  per  second,  in  foot-pounds;  LVT,  daily 
transport. 

84.    W«fffe  •€  a  nian  Wtmiaing  hi*  Own  ITelgkt. —  The    average 

amount  of  this  is  given  in  line  1  of  the  table  in  Article  83,  and  is 
greater  than  the  work  which  the  man*  can  perform  by  any  other 
mode  of  exertion.  The  most  simple  method  of  rendering  available 
this  kind  of  work  is  that  invented  by  a  French  officer  of  engineers. 
Captain  Coignet,  and  applied  to  the  lifting  of  barrows  of  earth  from 
an  excavation  about  forty  feet  deep.  A  hoist  is  constructed,  con- 
sisting of  a  strong  rope  passing  over  a  large  pulley,  and  having 
suspended  at  each  end  of  it  a  cage  or  enclosed  platform.  Each 
barrow  of  earth  on  being  brought  to  the  foot  of  the  hoist  is  placed 
in  the  cage  which  has  just  descended  to  the  lower  level  At  the 
same  time  a  man  with  an  empty  barrow  steps  into  the  other  cage 
at  the  upper  level,  and  descending  along  with  it,  causes  the  cage  con- 
taining the  full  barrow  to  rise  to  the  higher  level,  and  the  barrow  is 
then  removed  The  man  then  leaves  the  cage  in  which  he  has 
descended,  and  at  once  returns  to  the  higher  level  by  mount- 
ing a  ladder.  When  he  mounts  the  ladder,  he  stores  energy  to  an 
amount  equal  to  the  product  of  his  weight  into  the  verticid  height 
of  ascent,  which  energy  is  expended  when  he  descends  in  one  cage 
and  raises  the  load  in  the  other.  A  party  of  men  are  employed  in 
this  operation  alone,  the  barrows  being  wheeled  to  and  from  the 
hoist  by  others.     There  is  one  man  whose  sole  duty  it  is  to  attend 
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to  the  machine,  and  either  by  hand  or  hy  means  of  a  brake  to  con- 
trol the  motion  when  it  tends  to  become  too  rapid 

The  velocity  of  vertical  ascent  given  in  the  table  being  the 
effective  velocity  only,  is  found  by  dividing  the  whole  height 
ascended  in  a  day  by  the  whole  number  of  seconds  occupied^ 
whether  in  ascending  or  in  descending. 

85.  liUUaff  wei«his  by  a  Boye. — ^The  data  in  line  2  of  the  tables 
are  obtained  from  the  results  of  the  exertions  of  men  in  working  a 
ringing  pile  engine^  in  which  a  heavy  ram  moving  vertically  between 
guides  is  attadbed  to  a  rope  passing  over  a  pulley.  The  other  end 
of  the  rope  branches  out  into  several  smaller  ropes,  held  by  a  suffi- 
cient number  of  men,  in  the  proportion  of  about  one  man  for  each 
40  lb.  weight  of  the  ram.  The  men,  pulling  all  together,  lift  the 
tam  from  three  to  four  feet,  and  let  it  drop  suddenly  on  the  head 
of  the  pile.  It  is  found  that  they  work  most  effectively  when, 
after  every  three  or  four  minutes  of  exertion,  they  have  an  interval 
of  rest 

86.  Other  siodM  mi  Bxevti«a« — It  is  scarcely  necessary  to  state 
that  in  none  of  the  lines  of  the  first  table  except  that  marked  1  is 
the  weight  of  the  man  himself  included  in  any  load  which  he  is 
stated  as  moving. 

In  line  6,  the  resistance  R  ==  132  lbs.  is  the  net  toeight  of  the 
earth  in  the  barrow,  and  excludes  the  weight  of  the  barrow 
itself.  The  mean  actual  velocity  going  and  returning  is  1*8  feet 
per  second ;  but  as  the  effective  velocity  is  to  be  computed  from  the 
distance  travelled  token  loaded  only,  it  is  one-half  of  1  '8,  or  0*9  foot 
per  second  ;  and  as  the  rate  of  ascent  of  the  slope  is  1  in  12,  the 
effective  vertical  yelocity  is  0*9  -5- 12  =  0-075  of  a  foot  per  second, 
as  set  down  in  the  column  Y.  It  is  to  be  observed  that  the  work 
set  down  in  this  line  is  that  due  to  the  vertical  raising  of  the  earth 
only,  and  is  by  no  means  the  whole  work  performed  by  the  man ; 
the  conveying  the  earth  horizontally  also  involves  the  overcoming 
of  resistance  and  performing  of  work,  though  to  what  amount  is 
only  known  by  a  rough  approximation  to  be  mentioned  in  the  next 
Article. 

Line  7  shows  that,  next  to  raising  his  own  weight  up  a  ladder, 
the  most  favouraj^le  modes  of  exerdng  a  man's  strength  are  the 
pushing  of  a  capstan  bar  and  pulling  of  an  oar. 

Next  in  amount  of  daily  work,  as  shown  by  line  8,  is  the  turn- 
ing of  a  crank  or  winch — the  ordinary  mode  of  driving  purchases, 
cranes,  monkey  pile  engines,  and  a  great  variety  of  other  machines. 

The  result  in  line  9,  relative  to  working  a  pump,  will  also  apply 
to  windlasses  which  are  worked  by  levers  in  the  position  of  pump 
handles.  It  applies,  amongst  other  pumps,  to  those  of  hydraulic 
presses — a  kind  of  machine  which,  although  generally  worked  by 


POWEE  OP  MEN.  87 

men,  involves  hydrodynamio  principles,  which  malce  it  necessary  to 
defer  its  consideration  till  Part  II.  of  this  work. 

In  line  10,  relative  to  swinging  a  15  lb.  hammer,  some  of  the 
data  are  wanting,  and  the  result  is  doubtful. 

87.  Tniaspovttag  liMi^a- — ^In  the  second  table,  the  only  line  in 
which  the  weight  of  the  man  is  taken  into  account  is  that  marked 
11,  where  his  own  weight  is  the  only  load  conveyed. 

By  comparing  line  13  in  the  second  table  with  line  6  in  the  first, 
it  appears  that  the  exertion  of  wheeling  a  load  of  earth  horizontally 
in  a  one- wheeled  barrow  from  ten  to  twelve  feet  or  thereabouts, 
must  be  nearly  equal  to  that  due  to  the  raising  of  the  same  earth 
one  foot  vertically  in  wheeling  it  up  a  slopa 
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88,    TqUm  •€  the  PcrfenuuMW  •€  H«nes. — The  results  iu  the 

following  table  are  given  on  the  authority  of  Nayier  and  Poncelet, 
except  the  line  marked  1,  which  is  from  experiments  by  Mr.  David 
Eankine  and  the  Author.  Line  2  contains  the  mean  of  several 
results  of  experiments  on  draught  horses,  and  may  be  considered 
the  average  of  their  ordyiary  performance  under  the  most  favourable 
circumstances  as  to  time  of  working  and  velocity. 

I.   WOBK  OF  A  HOBSE  AGAIKST  A  KnOWN  RESISrrAKCE. 


Kind  ov  ExBanov. 

B 

V 

T 
8600 

RV 

BVT 

1.  Caotering  and  trotting,  draw- 

ing a  light  railway  caiv 
riage  (thoroughbred), 

2.  Horse  drawing  cart  or  boat, 

walking  (draught  horse), 

3.  Horse  drawing  a  gin  or  mill, 

walkincr. 

rmin.  221) 
<mean80{V 
(maz.  50 

120 

100 
66 

HI 

3-6 

8-0 
6-5 

4 

8 

8 
4i 

447^ 

432 

800 
429 

6,444,000 

1 
12,441,600 

8,640,000 

4.  Ditto,  trottincr. 

6,950,000  * 

ExpUmatioru — R,  resistance,  in  lbs.;  V,  velocity,  in  feet  per 
second;  T-f-3600,  hours*  work  per  day;  RV,  work  per  second; 
R  V  T,  work  per  day. 

II.  Performance  of  a  Horse  in  Transporting  Loads 

Horizontally. 


1 
1 

i                    KlXJ>  OV  EXKSTIOK. 

L 

V 

T 
MOO 

LV 

LVT 

5.  Walking  with  cart,  always 
loaded, 

1,500 
750 

1,500 
270 
180 

3*6 
7-2 

2-0 
8-6 
7-2 

10 

4i 

10 

10 

7 

5,400 
5,400 

8,000 

972 

1,296 

194,400,000 
87,480,000 

108,000,000 
84,992,000 
82,659,200 

6.  Trottine  ditto, 

7.  Walking    with    cart,    going 

loaded,  returning  empty; 
y  =  ^  mean  velocity, 

8.  Carr}nng  burden,  walldng,... 

9.  Ditto,  trottinff, 
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ExpUm/aJtunk — L,  loadi  in  Iba. ;  Y,  Telocity  in  fbet  per  second ; 
T^3600,  working  hours  per  day;  LV,  transport  per  second; 
L  V  T,  transport  per  day. 

Table  IL  has  rderence  to  conveyance  on  common  roads  only,  and 
those  evidently  in  bad  order  as  respects  the  resistance  to  traction 
upon  them. 

The  average  power  of  a  draught  horse,  as  given  in  line  2, 

432 
Table  L,  being  432  foot-pounds  per  second,  is  r^  =  0*785  of  the 

conventional  value  assigned  bv  Watt  to  the  ordinary  unit  of  the 
rate  of  work  of  prime  movers  (Article  3). 

89.  Oxoi,  niaiM,  AMes. — Authorities  differ  considerably  as  to 
the  power  of  these  animals.  The  following  may  be  taken  as  an 
approximative  comparison  between  them  and  draught  horses : — 

Ox. — Load,  the  same  as  that  of  average  draught  horse ;  best 
velocity,  and  work,  |  of  horse. 

Mule. — Load,  one-half  of  that  of  average  draught  horse ;  best 
velocity,  the  same  with  horse ;  work,  one-half. 

Asa — ^Load,  one  quarter  of  that  of  average  draught  horse ;  best 
velocity,  the  same ;  work,  one  quarter. 

90.  Hone  Gia. — In  this  machine,  as  is  shown  by  line  3,  a  horse 
works  less  advantageously  than  in  drawing  a  carriage  along  a 
straight  track.  Li  order  that  the  best  possible  results  may  be 
realized  with  a  horse  gin,  the  diameter  of  the  circular  track  in 
which  the  horse  walks  should  not  be  less  than  about  forty  feet 

91.  Tread  whecU  for  Hotmo  andi  Ozca  have  been  used,  each 
consiBting  of  a  plane  circular  platform,  rotating  about  an  axis 
somewhat  inclined  to  the  vertical,  and  ribbed  to  prevent  the  feet  of 
the  animal  from  slipping.  The  animal  walks  continually  up  the 
slope  of  the  platform  at  or  near  one  end  of  the  horizontal  diameter, 
and  by  its  weight  causes  the  platform  to  rotate  against  a  resistance. 


PART  11. 

OF  WATER  POWER  AND  WIND   POWER. 


CHAPTER  L 

OF  SOURCES  OF  WATER  FOR  POWER. 

92.  Natore  of  Sovrcea  in  o«iicntL — The  original  soTiroe  of  water 
power  is  the  solar  heat,  which  evaporates  liquid  water  from  the 
sur&ce  of  the  earth  and  sea.  The  vapour,  condensing  in  the  upper 
and  colder  regions  of  the  atmosphere,  falls  as  rain,  and  forms 
streams,  whose  waters,  in  descending  from  a  high  to  a  low  level, 
exert  energy  equal  to  the  product  of  the  weight  of  water  which 
descends  into  the  height  through  which  it  descends.  In  the  natural 
condition  of  a  stream,  the  whole  of  the  energy  due  to  the  descent 
of  its  waters  is  employed  in  wearing  and  carrying  away  the 
materials  of  its  bed,  and  in  producing  heat  by  friction  j  but  by 
proper  management,  a  part  of  that  energy  can  be  made  available  to 
overcome  the  resistance  of  machines. 

The  art  of  collecting  and  distributing,  for  useful  piirposes,  the 
rain-£a.ll  of  a  district, — of  planning  and  making  reservoirs  for  storing 
part  of  it  in  seasons  of  flood,  in  order  to  supply  its  deficiency  in 
seasons  of  drought,  and  of  adapting  natural  lakes  to  answer  the  same 
purposea-the  art  of  preserving  and  improving  the  natural  channels 
In  which  it  flows,  and  of  planning  and  making  artificial  channels, 
constitute  a  great  and  important  branch  of  civil  engineering,  and 
cannot  be  considered  within  the  limits  of  the  present  treatise,  whose 
object,  as  applied  to  water  power,  is  to  set  forth  the  principles  and 
the  mode  of  action  of  those  engines  which  render  that  power  avail- 
able when  a  convenient  source  has  been  obtained;  that  is  to  say, 
a  stream,  discharging  a  given  quantity  of  water  per  second,  and 
having  a  given  verticil  descent  within  a  convenient  distance.  Such 
a  combination  of  circumstances  makes  a  "  mill  site"  or  "  fall." 

93.    Power  of  a  Fall  af  Water— JBIIIcieiicr* — ^The  groSS  power  of  a 

fell  of  water  is  the  product  of  the  toeiglU  of  water  discharged  in  a 
given  unit  of  time  (such  as  a  second,  or  a  minute),  into  the  total 
Iiead;  that  is,  the  difference  of  vertical  elevation  of  the  upper  surface 
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of  the  vxUer  at  the  points  where  the  £elI1  in  question  begins  and  enda 
To  express  this  in  symbols,  let 

Q  be  the  flow,  or  volume  of  water  dischai^ed,  in  cubic  feet  per 
second; 

D,  the  weight  of  a  cubic  foot  of  water,  in  lbs.,  =  624  lb&,  nearly ; 

H,  the  total  head;  then 

DQH (1.) 

is  the  gross  power,  in  foot-lbs.  per  second;  which  being  divided  by 
550,  gives  the  gross  horse-power. 

There  is  in  every  case  a  certain  loss  ofJiead  arising  from  the  waste 
of  energy  in  various  ways  to  be  afterwards  mentioned.  That  waste 
can  usually  be  computed  in  the  form  of  a  certain  fraction  of  the  whole 
energy  exerted;  let  k  denote  that  fraction;  then  the  ^ective power, 
in  foot-lb&  per  second,  is 

(1-A)DQH; (2.) 

and  the  efficiency  is 

1  -  *; (3.) 

i^  H  is  called  the  loss  ofhead,  and  (1  —  A;)  H  the  effective  head, 

94.   measnremeMt  of  a  fitonrce  of  Water  Power. — Two  things  are 

to  be  measured  about  a  fall  of  water,  the  head  H,  and  the  flow  Q. 
The  head  is  measured  by  the  ordinary  operation  of  levelling.  The 
flow  is  measured  by  diflerent  methods,  according  to  circumstancea 

I.  In  large  streams,  the  flow  can  in  general  be  only  measured 
directly ;  that  is,  by  finding  the  area  of  cross-section  of  the  stream, 
measuring  by  suitable  instruments  the  velocities  of  the  current,  at 
various  points  in  that  cross-section ;  taking  the  mean  of  these 
velocities,  and  multiplying  it  by  the  sectional  area.  The  most 
convenient  instrument  for  such  measurements  of  velocity  is  a  small 
light  revolving  fan,  on  whose  axis  there  is  a  screw,  which  drives  a 
train  of  wheel  work,  carrying  indexes  that  record  the  number  of 
revolutions  made  in  a  given  time.  The  whole  apparatus  is  flxed  at 
the  end  of  a  pole,  so  that  it  can  be  immersed  to  diflerent  depths  in 
diflerent  parts  of  the  channel  The  relation  between  the  number 
of  revolutions  of  the  fan  per  minute,  and  the  corresponding  velocity 
of  the  current,  should  be  determined  experimentally,  by  moving  the 
instrument  with  diflerent  known  velocities  through  a  piece  of  still 
water,  and  noting  the  revolutions  of  the  fan  in  a  given  time. 

II.  "When  from  the  want  of  the  proper  instrument,  or  any  other 
cause,  the  velocity  of  the  current  cannot  be  measured  at  various 
points,  the  velocity  of  its  swiftest  part,  which  is  at  the  middle  of  the 
surface  of  the  stream,  may  be  measured  by  observing  the  motions  of 
any  convenient  body  floating  down.     Let  this  greatest  velocity  in 
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feet  per  second  be  denoted  by  Y;  then  according  to  an  empirical 
formula  of  Pron/s,  the  mean  Telocity  is 


7-71  +  y 

10-25  +  V 


(1.) 


} 


iliuiiiiiiiiiiiiiiiiiiiii;i 
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III.  When  the  stream  is  so  small  that  it  is  practicable  to  make 
across  it  a  temporary  weir,  such  a  weir  is  to  be  made,  care  being 
taken  that  it  shall  be  perfectly  water  tight  at  every  point  except 
the  outlet  through  which  the  whole  flow  of  the  stream  is  to  pass. 
The  site  ought  to  be  chosen  with  a  view  to  the  tightness  and 
security  of  the  weir;  and  the  channel  of  the  stream  immediately 
below  the  weir  should  be  straight,  in  order  that  the  rapid  current 
rushing  from  the  outlet  may  not  injure  the  banks. 

The  outlet  should  be  a  tioich  or  depression  in  the  upper  edge  of  a 
vertical  board;  hence  weirs  of  this  class  are  called  no^  boards.  In 
fig.  24,  A  repre- 
sents a  front  view, 
and  B  a  vertical  — 
section,  of  a  notch 
board  with  a  rec- 
tangular notcL 

The  sides  and 
bottom  of  the 
notch    should    be  ^'^^ 

chamfered  to  a  fine  edge,  with  a  vertical  surface  opposed  to  the 
water  in  the  pond  above  the  weir,  as  shown  in  the  section  B ;  and 
the  better  to  fulfil  this  condition,  the  notch  may  be  edged  all  round 
with  thin  sheet  iron.  The  object  of  this  is,  to  prevent  as  far  as 
possible  the  friction  and  cohesion  between  the  water  and  the  edge 
of  the  notch  from  interfering  with  the  result. 

A  vertical  scale,  divided  into  feet  and  decimals,  and  having  its 
zero  at  the  level  of  the  lower  edge  of  the  notch,  is  to  be  placed  in 
the  pond  above  the  notch  board,  at  some  point  where  the  water  is 
either  sensibly  still,  or  has  a  very  slow  motion  only;  and  the  height 
at  which  the  sur&oe  of  the  water  stands  on  that  scale  is  to  be  noted 
from  time  to  time. 

Let  h  be  that  height,  in  feet;  let  b  be  the  breadth  of  the  notch, 
also  in  feet.  Then  the  flow^  in  cubic  feet  per  second,  is  given  by  the 
formula 

Q^^'bh  J2jh; (1.) 


2 g  being  64*4,  and  J2gh  the  velocity  due  to  the  height  A;  while 
c  is  a  fraction  called  the  co-efficient  of  contraction,  expressing  the 
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ratio  which  the  sedaonal  area  of  the  most  contracted  part  of  the  jet 
or  cascade  flowing  from  the  notch  bears  to  the  area  of  the  rectangle 

The  above  formula  may  also  be  expressed  as  follows  : — 

Q  =  5-35  c  b  hi *(2.) 

It  is  advisable  that  the  breadth  of  the  notch  should  not  be  less 
than  one-fourth  of  that  of  the  weir.  It  may  hare  any  convenient 
breadth  from  that  amount  up  to  the  entire  width  of  the  weir. 

The  values  of  the  co-efficient  of  contraction 


'         For  a  notch  of  ^  of  the  width  of  the  weir, '595 

For  a  notch  of  the  whole  width  of  the  weir, '667 

and  for  intermediate  proportions,  the  following  empirical  formula  is 
very  nearly  correct : — 

«  =  0-67  + j^, (3.) 

B  being  the  breadth  of  the  weir. 

When  the  velocity  of  the  current  at  the  point  where  the  vertical 
scale  stands  is  too  large  to  be  neglected,  let  Vq  denote  that  velocity 
(caUed  the  vdodty  of  a^pprocuilC),  and 

IL  -  ^ 
^"2  if 

the  height  due  to  it.  Then,  according  to  Mr.  Neville's  work  on 
Hydraulics,  the  flow  is  the  diflerenoe  between  that  from  a  still  pond 
due  to  the  height  h  +  h^  and  that  due  to  the  height  /iq;  so  that  it 
is  given  by  the  formula 

Q  =  5-35  c  6{(A  +  A,)l  -  k,i) (4.) 

When  Vq  cannot  be  directly  measured,  it  can  be  computed  approxi- 
mately by  taking  an  approximate  value  of  Q  from  equation  2,  and 
dividing  by  the  sectional  area  of  the  channel  at  the  place  where  the 
scale  stands. 

Table  op  Values  of  0  and  5-35  c. 

— , I'D       0*9      0-8      07      0-0      o"5      0*4      0'3      0*25 

c, -667      '66     -65      -64      -63      '62      -61      -60      '595 

5'35<J,  3'57      3*53    3*48    3*43    337    3*33    3*26    3-21    3*18 

*  lA  is  easily  computed,  as  follows,  by  the  aid  of  an  ordinary  table  of  squares  and 
cubes : — Look  in  the  column  of  squares  for  the  nearest  square  to  h\  then  opposite,  in 

the  column  of  cubes,  will  be  an  approximate  yalae  of  At. 


NOTCH  BOABDS — ORIFICEa 


95 


IV.  Besides  the  variations  in  the  oo-efficient  of  contraction 
already  stated^  which  depend  on  the  proportion  between  the 
breadths  of  the  weir  and  of  the  notch^  there  are  other  variations 
"which  have  been  reduced  to  no  general  law,  depending  on  the 
proportions  of  the  dimensions  of  the  notch  to  ^loh  other. 

To  avoid  this  inconvenience, 
Professor  Thomson  of  Bel- 
fiast  has  adopted  a  form  of 
notch  in  which  the  section  of 
the  issuing  jet  is  always  of  a 
similar  figure — ^that  is  to  say, 
a  triangle  with  the  apex  down- 
wards, as  in  ^g,  25. 


Fig.  25. 


Let  h  be  the  depth,  in  feet,  of  the  apex  of  the  notch  below  the 
surface  of  still  water  in  the  pond,  h  the  breadth  of  the  notch  at  the 
l^vd  of  the  wurfacs  of  stiU  vxUer ;  then  the  area  of  the  triangle 
bounded  by  that  level  and  the  edges  of  the  notch  is  ^  6  A ;  and 
theory  gives  for  the  discharge  in  cubic  feet  per  second — 


Q  =  ||4*.V2?r, 


,(5.) 


Mr.  Thomson's  experiments,  made  fo^  the  British  Association, 
give  for  the  co-efficient  of  contraction — 


whence 


0  rr  -619 ;. 


.(6.) 


Q  = -33  *^  ^/2^=  2-645  ^ (7.) 


Let  6  =  2  a  A>  a  being  a  constant  ratio ;  then 

Q  =  2-645aAf (8.) 

Y.  Instead  of  an  open  notch  in  the  top  of  a  weir  board,  thei-^ 
may  be  an  orifice,  or  a  row  of  orifices,  wholly  beneath  the  level  of 
the  water  in  the  pond.  In  that  case,  on  account  of  the  variations 
in  the  co-efficient  of  contraction  which  occur  when  the  orifice  has 
various  proportions  of  length  to  breadth,  and  also  when  the  ratio 
of  the  head  of  water  above  the  orifice  to  the  breadth  of  the  orifice 
varies,  it  is  desirable  to  select  such  forms  and  proportions  as  shall 
give  rise  to  the  smallest  variations.  For  that  purpose  the  orifices 
should  be  made  either  square  or  drcvlar  ;  and  their  size  should  be 
such  that  the  height  of  the  surface  of  still  water  in  the  pond  shall 
.  not  be  less  at  any  time  than  three  times  the  diameter  of  an  ori- 
fice.   These  conditionB  being  fulfilled^  let  A  be  the  area  of  an 
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orifice,  k  the  depth  of  its  0011^  below  the  upper  sulfaoe  of  still 
water ;  then  the  flow  through  it  in  cubic  feet  per  second  is 

Q  =  c  A  J2JK; (9.) 

the  values  of  e  being —  , 

For  round  orifices, 0*62 

For  square  orifices, 0*6 

and  the  values  of  cJ2g  =  8*02  c — 

For  round  orifices, 4*98 

For  square  orifices, 4*82 

No  very  serious  error  will  be  incurred  by  using  these  co-efficients, 
even  when  the  height  h  faJla  to  dvukiU  the  diameter  of  the  orifice. 

YI.  When  the  edge  of  an  orifice  partly  coincides  with  the  bor^ 
der  of  the  channel  by  which  the  water  is  brought  to  it,  so  that  the 
water  is  partially  ffudded  in  a  straight  course  towards  the  orifice, 
the  case  is  called  one  of  partial  contraction;  and  in  computing  the 
dischazge,  instead  of  the  co-efficient  c,  there  is  to  be  employed — 

c  +  009  n; (10.) 

n  being  the  fraction  of  the  edge  of  the  orifice  which  coincides  with 
the  bonier  of  the  channel  This  formula  is  Mr.  Neville's,  and  is 
shown  by  him  to  be  sensiblj*  correct  when  n  is  any  fracticm  not 
exceeding  j. 
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CHAPTER  II. 

OF  WATER  POWER  ENGINES  IN  GENERAL. 

95.  Parts  mnik  AppcndiagM  mf  Water  Power  Sngtvea. — In  every 
water  power  engine,  or  in  connection  with  it,  there  exist  the  fol- 
lowing parts,  or  parts  equivalent  to  them  :— 

I.  The  CHANNEL  OF  SUPPLY,  or  HEAD  RACE,  wherebj  water  is 
brought  to  the  engine,  and  which  extends  from  the  beginning  of 
the  fall  to  the  place  where  the  water  begins  to  act  on  the  mecha-. 
nism.  It  may  be  an  open  conduit,  or  a  close  pipe,  or  a  combina- 
tion of  botL  Economy  of  power  requires  that  it  should  be  as  large 
as  possible :  economy  of  first  cost  that  it  should  be  as  small  as 
possible.  The  right  mean  is  a  matter  for  the  judgment  of  the 
engineer  in  each  particular  case.  This  channel  usually  commences 
at  a  head  reservoir  or  pond,  and  the  lower  end  of  it  is  sometimes 
of  such  dimensions  as  to  constitute  a  second  reservoir  or  pentatock. 
The  lower  end  of  the  supply  channel  is  of  various  kinds  and  forms 
according  to  the  nature  of  the  engine. 

II.  The  WASTE  CHANNEL,  or  BTE  WASH,  whcroby  any  flow  of 
water  which  is  in  excess  of  that  required  for  the  stream,  and  which 
there  is  not  reservoir  room  to  store,  is  discharged  into  the  natural 
drainage  channels  of  the  country.  This  geneiully  commences  with 
a  weir  or  overfall  forming  part  of  the  boundary  of  a  reservoir,  and 
of  such  length  that  the  greatest  possible  flow  of  waste  water  can 
escape  over  it  without  rising  to  a  dangerous  or  inconvenient  height. 

III.  The  REGULATOR,  being  the  sluice,  valve,  or  other  apparatus 
whereby  the  flow  of  water  delivered  by  the  head  race  to  the  engine 
is  adjusted  to  the  work  to  be  performed.  For  reasons  which  will 
afterwards  appear,  eoonomy  of  power  requires  that  the  regulator 
should  be  as  close  asL  possible  to  the  engine,  and  therefore  at  the 
lower  end  of  the  channel  of  supply.  The  regulator  is  very  fre- 
quently controlled  by  a  governor,  usxially  of  the  revolving  pendulum 
class  (Art.  55),  of  which  the  details  will  be  exemplified  farther  on. 

lY.  The  ENGINE  PROPER,  being  the  machine  to  which  the  water 
transmits  energy. 

Y.  The  TAIL  RACE,  by  which  the  water  is  discharged  after  having 
driven  the  engine,  and  which  terminates  at  the  bottom  of  the  falL 
The  same  principles  of  economy  of  power  and  economy  of  cost 
apply  to  this  as  to  the  head  race. 
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96.  The  CbMMS  •€  Water  Power  B  »«!■«•  are  : — 

L  Water-bucket  engines,  in  which  water,  poured  into  sus- 
pended buckets,  causes  them  to  descend  verticallj,  and  so  to  lift 
loads  or  overcome  other  resistance,  as  in  certain  hydraulic  hoists.    - 

II.  Water-pressure  engines,  in  which  water  by  its  pressure 
drives  a  piston. 

in.  Vertical  water  wheels,  being  wheels  rotating  in  a  verti- 
cal plane,  and  driven  by  the  weight  and  impulse  of  water.  These 
are  the  most  common  of  all  water  power  engines.  * 

lY.  HORI2SONTAL  WATER  WHEELS,  or  TURBINES,  being  wheels 
rotating  in  a  horizontal  plane,  and  driven  by  the  pressure  and 
impulse  of  water. 

Y.  Rahs  and  jet  pumps,  in  which  the  impulse  of  one  mass  of 
fluid  is  used  to  drive  another. 

97.  Water  Power  Bvctnea  with  JUtUctel  Searce^ — The  smooth- 
ness and  steadiness  of  motion,  and  some  other  advantages  of  water 
power  engines,  sometimes  occasion  the  use  of  machines  exactly 
resembling  them  in  everything,  except  that  the  flow  and  head  of 
water  are  produced  artificially — ^for  example,  by  pumps  worked  by 
hand,  as  in  the  common  hydraulic  press,  or  by  pumps  worked  by 
steam,  as  in  some  hydraulic  hoists  and  cranes,  and  in  some  water 
wheels  for  driving  fine  manu&cturing  machinery,  which  are  sup- 

{  plied  by  pumping  steafn.engines. 

Such  machines  are  not,  properly  speaking,  prime  movers  for 
obtaining  eneigy  from  natural  sources,  but  ra&er  pieces  of  mecha- 
nism for  transmitting  and  conveniently  applying  energy  already 
obtained  by  means  of  other  prime  movers.  The  identity  of  their 
,  construction  and  action,  however,  with  those  of  true  water  power 
j  ""  engines,  renders  it  advisable  to  consider  them  in  the  present 
treatise. 

98.  Fena  AMemedl  by  Baerpy  of  Fall  {A,  M,,  619-621).— 
Let  a  continuous  and  uniform  stream,  whose  volume  of  flow  is  Q 
cubic  feet  per  second,  and  weight  of  flow  D  Q  lbs.  per  second, 
descend  from  the  height  or  head  of  H  feet  to  a  given  point  of  dis- 
charge. That  stream  is  capable  of  performing  work,  by  the  direct 
ACTION  OF  ITS  WEIGHT  in  descending,  to  the  amount  of 

D  Q  H  ft. -lbs.  per  second (1.) 

Now  suppose  that  from  the  original  elevation  H  of  the  upper 
surface  of  the  stream,  down  to  a  point  whose  elevation  above  the 
bottom  of  the  fall  is  z  feet,  the  descent  of  the  water  takes  place 
unthout  resistance.  It  will  at  the  latter  point  possess  the  power  of 
performing  work  by  its  weight  to  the  amount  of 

^      D  Q;s  fL-lbs.  per  second  onlyj (2.) 
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but  snpposiiig  the  source  to  be  a  reservoir,  where  th^ 
insensible,  the  stream  will  now  by  its  free  descent 
height  H— «,  have  acquired  the  velocity — 


V  =  J2g  (H-«); (3.) 

80  that,  before  being  brought  back  to  an  insensible  velocity,  it  is 
capable,  by  ikfulse,  of  peHbrming  the  additional  work  due  to  its 
ddual  energy,  viz. : — 

5^^  =  DQ  (H:-«)  ft.-lba  per  second, (4.) 

^g 

which  being  added  to  the  quantify  of  work  in  the  expression  2, 
reproduces  I)  Q  H,  the  total  original  power. 

Next,  let  the  stream  be  supposed  to  descend,  in  a  dose  pipe  so 
large  that  the  velocity  of  current  is  still  insensible,  from  the  ori- 
ginal head  H  to.  the  less  elevation  z  above  the  bottom  of  the  fiedL 
Then,  as  in  the  last  example,  equation  2,  the  stream  will  at  the 
latter  point  possess  the  power  of  performiug  DQz  ft. -lbs.  per 
second  only  of  work  bt/  its  weight;  but  its  pressure  will  have 
become,  in  Iba  on  the  square  foot — 

p  =  TKB.-z); ;<5.) 

and  BT  HEANS  OF  ITS  PRESSURE  the  stream  will  be  capable  of  per- 
forming work  to  the  amount  of 

^  Q  =  D  Q  (H-«)  ft-lbs.  per  second, (6.) 

which  being  added  to  the  quantity  of  work  in  equation  2,  repro- 
duces the  total  original  power  D  Q  H,  as  before. 

It  appears,  then,  that  if  it  were  possible  for  a  stream  to  descend 
absolutely  without  resistance  from  the  elevation  H  to  any  less 
elevation  above  the  bottom  of  the  fall,  and  if  the  pressure  at  the 
latter  elevation  were  p  lbs.  on  the  square  foot,  and  the  velocity  v 
feet  per  second,  the  power  or  energy  per  second  at  that  elevation, 
being  equal  to  the  original  power,  would  be  expressed  by 

Q(i,  +  D«  +  |^=DQH; (7.) 

or,  if  the  height  due  to  tlie  pressu/re  be  denoted  by  j9  -r-  D — 

D  Q  («>  +  ^  +  g)=  D  Q  H. (&) 

In  this  expression, 
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for  perfonxi' 
preBBure. 


(9) 


T^  Q  /    I  £\  is  potential  enerffy,  or  capacity 
\       D/         ing  work  by  weight  and  p 

jy  Q  ,^    adttal  energy,  or  capacity  for  peiforming  work 
2g*        by  impulsa 

The  following  equation : — 

'  +  fg  +  T>  =  '^ <^'> 

shows,  that  at  a  given  elevation  z,  where  the  velocity  of  the  stream 
is  Vy  and  the  pressure  p^  there  ia, 

Besides  the  acttud  head  z, 

A  virtual  head,  composed  of — 

The  height  due  to  the  velocity,  v^'r'2g, 
And  the  height  due  to  the  pressure,  p-^D, 

making  together  a  total  head,  which,  if  the  stream  has  descended 
without  resistance,  is  equal  to  the  original  head  £L 

Throughout  this  Article,  and  the  present  Part  of  the  treatise, 
when  not  otherwise  specified,  preesvre  is  used  to  mean,  the  excess  oj 
thepresstire  of  the  wcUer  above  tfiat  o/the  atmosphere: 

99.  l<Ma  of  Head  is  the  form  in  which  the  effect  of  waste  of 
enei^  in  the  stream  of  water  during  its  descent  is  most  con- 
veniently expressed.  It  may  be  denoted  in  the  form  of  a  certain 
fraction  of  the  total  head — 

and  then 

H-A  =  (1-A^)H (1.) 

will  be  the  avaUaMe  head; 

D Q  (H- A)  =  (1  ^Iif)  D  Q  H, (2.) 

the  Oivatlable  power,  or  the  eneigy  exerted  per  second  by  the  fall  on 
the  engine;  and 

l-«'  =  5^*, (3.) 

the  ^^Icieney  of  the  fall. 

If,  in  the  working  of  the  engine,  there  is  a  further  waste  of  the 
faction  Jd'  of  the  energy  exerted  on  it,  so  that  the  usefid  effect  is 

(1  - AO  (l-«)  I>  Q  H, (1) 
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ihen  1  --  ^''  is  the  ^Jidency  of  (he  mechamiBn^  and 

(1-;^  (1  -*')  =  1  -^  (as  in  Article  93) (5.) 

the  residtemi  ^ffuAency  of  the  &11  and  engine  combined. 

The  causes  of  loss  of  head  are,  the  yelocitj  of  the  current  in  the 
tail  race,  and  fluid  friction. 

I.  CvrrenJt  in  the  tail  race. — K  t/  be  the  velocity  with  which  the 
stream  is  discharged  along  the  tail  race,  there  must  be  a  descent  of 
v^-r-^g  to  produce  that  velocity,  which  descent  is  a  loss  of  head 
Hence,  as  stated  in  Article  95,  the  tail  race  should  be  as  large  as 
is  conEdstent  with  due  economy  of  first  cost 

IL  Friction  of  passages  aind  chomnds  in  general, — Let  A  be  the 
sectional  area  of  any  passage  or  channel  along  which  the  stream  is 
conveyed,  then 

"=1 <«•) 

is  the  mean  velocity  of  the  current  through  it. 

The  loss  of  head  from  friction  is  expressed  by  the  following 
general  formula : — 

r  A  -    ^-Tg' -••••••"••• <'•> 

that  is,  the  product  of  the  height  due  to  the  velocity  by  9,  factor  of 
resista/nce  F,  whose  value  depends  mainly  on  the  nature,  form,  and 
dimensions  of  the  passage. 

The  friction  takes  effect  in  open  channels  by  producing  a  decli- 
vity of  the  surface  and  a  loss  of  actual  head ;  in  a  close  pipe  it 
takes  effect  by  diminishing  the  pressure^  and  the  virtual  head  due 
to  it. 

A  few  values  of  the  &ctor  denoted  by  F  have  already  been  given 
in  Article  50,  under  the  head  of  "  Pump  Brakes."  They  will  now 
be  repeated  in  greater  detail,  and  with  several  additions. 

III.  Friction  of  am,  orifice  in  a  thin  plate : — 

F  =  0-054 (8.) 

rV.  Friction  of  mouthpieces  or  entrances  from  reservoirs  into 
pipes.-'^trBight  cylindrical  mouthpiece,  perpendicular  to  side  of 
reservoir:— 

F  =  0-505. (9.) 

The  same  mouthpiece  TOftViTig  the  angle  i  with  a  perpendicular 
to  the  side  of  the  reservoir : — 

F  =  0-505  +  0-30a  Bin  %  +  0-226  sin*t (10.) 
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For  a  mouthpiece  of  the  fonn  of  the  "  contracted  vem,"  that  is, 
one  of  such  a^  form,  that  if  (f  be  its  diameter  on  leaving  the  reser- 
voir, then  at  a  distonce  rf-^  2  from  the  side  of  the  reservoir  it  con- 
tracts to  the  diameter  -7854  d, — ^the  resistance  is  insensible,  and 
F  nearly  ==  0. 

V.  Friction  aJt  midden  erdargemerUa. — Let  A  be  the  sectional 
area  of  a  channel,  in  which  a  sluice,  or  slide  valve,  or  some  such 
object,  produces  a  sudden  contraction  to  the  smaller  area  a,  fol- 
lowed by  a  sudden  enlargement  back  again  to  the  original  area  A. 
Let  i;  =  Q  -f-  A  be  the  velocity  in  the  enlarged  part  of  the  channel. 
The  effective  area  of  the  orifice  a  will  be  c  a,  c  being  a  co-efficient  of 

coTitrtiction  whose  value  may  be  taken  at  '62  -f-  a  /  1  —  '62  -— g. 

Let  the  ratio  in  which  the  channel  is  suddenly  enlarged  be  denoted 
by 


m 


==  A  H-  c  (»=  A^(2-62  ^  -  1-62) (11.) 


Then  mv  is  the  velocity  in  the  most  contracted  part  It  appears 
that  all  the  energy  due  to  the  difference  of  the  velocities,  m  v  and  v, 
is  expended  in  fluid  friction,  and  consequently  that  there  is  a  loss 
of  head  given  by  the  formula — 

('»-i)»-^; (12.) 

SO  that  in  this  case 

F  =  (m-l)2 (12  A.) 

VL  Friction  in  pipes  and  conduits, — Let  A  be  the  sectional  area 
of  a  channel;  6  its  border,  that  is,  the  length  of  that  part  of  its 
girth  which  is  in  contact  with  the  water;  I  the  length  of  the  chan- 
nel ;  then,  for  the  friction  between  the  water  and  the  sides  of  the 
channel — 

F=/-^; (13.) 

in  which  the  co-efficienty*has  the  following  values : — 

For  iron  pipes, ./=  0  0036  +  ^^^^ (14.) 

For  open  conduits...... /=  0*00741  +  2l2^?^ (15.) 

A 

The  ratio  j-  is  called  the  "h7/dratdic  mecm  d^th^^  of  the  channel,  and 

for  cylindrical  and  square  pipes  running  full  is  obviously  one-fourth 
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of  the  diameter ;  and  the  same  is  its  value  for  a  semi-cjlindrical  open 
conduit,  and  for  an  open  oonduit  whose  sides  are  tangents  to  a  semi- 
circle of  a  diameter  equal  to  twice  the  greatest  depth  of  the  conduit. 
In  an  open  conduit,  the  loss  of  head — 

»=4-'-?^ w 

takes  place  as  an  actual  fall  in  the  surfiEUse  of  the  water,  producing 
a  declivity  at  the  rate— 

*=/^.5i.     .  (17) 

and  hj  the  last  two  formulsa  are  to  be  determined  the  fall  and  the 
rate  of  declivity  of  open  head  races  and  tail  races  of  given  dimen- 
fuonsy  which  are  to  convey  a  given  flow.  In  close  pipes,  the  loss  of 
head  takes  place  in  the  virtual  head  due  to  the  pressure. 

VII.  For  henda  in  circular  pipes,  let  d  be  the  diameter  of  the 
pipe,  r  the  radius  of  cuivature  of  its  centre  line  at  the  bend,  *  the 
angle  through  which  it  is  bent,  v  two  right  angles ;  then,  according 

to  Professor  Weisbach —  \ 

VIII.  For  bends  in  rectcmgula/r  pipes : — 

F  =  i{ 0124  + 3-104  (^)*} (19.) 

IX.  For  knees,  or  sharp  turns  in  pipes,  let  t  be  the  angle  made 
by  the  two  portions  of  the  pipe  at  the  knee ;  then 

F  =  0-946  8in2  ^  +  2-05  sin*~ (20.) 

X.  SwrmMJury  of  lasses  of  Ivead, — Let  t/  be  the  velocity  of  the 
current  in  the  tail  race ;  Y  the  factor  of  resistance  for  the  tail  race ; 
V  the  velocity  in  any  other  part  of  the  course  of  the  water;  F  the 
proper  factor  of  resistance  for  that  part  of  the  course;  then  the 
whole  loss  of  bead  may  be  thus  expressed : — 

A  =  (l+F)|^+2-F  ^ (21.) 

100.  The  ActtoH  of  th«  Water  on  tk«  £■«!■«  has  already  been 
distinguished,  in  Articles  96  and  98,  as  taking  place  in  three 
ways ; — 
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I.  By  weight 
11.  By  pressure. 
IIL  Byimpidse. 

Now,  in  all  those  three  modes  of  acting,  the  immediate  effort  by 
which  energy  is  exerted  by  the  water  on  the  engine  is  a  preseure 
between  a  certain  layer  of  the  water  and  the  siuface  of  a  moving 
piece,  whether  a  bucket,  a  piston,  a  vane,  or  another  fluid  mass 
which  that  layer  of  water  drives  before  it;  and  the  original  cause  of 
that  effort  is  the  weight  of  the  descending  stream.  The  distinction 
set  forth  arises  in  the  nature  of  the  process  whereby  the  weight 
causes  the  pressure. 

I.  When  the  water  is  said  to  act  by  voeight,  portions  of  it  are 
poured  into  buckets,  and  the  pressure  by  which  each  bucket  is 
driven  is  the  direct  effect  of,  and  simply  equal  to  the  weight  of  the 
water  contained  in  the  bucket,  and  acts  vertically  downwards,  its 
resultant  traversing  the  centre  of  gravity  of  the  mass  of  water  in 
the  bucket. 

Waste  of  energy  may  occur  in  this  case  through  spilling  of  the 
water  from  the  buckets  during  their  descent,  or  through  the  remain- 
ing of  water  in  the  buckets  during  their  ascent.  The  latter  cause 
of  waste  of  energy  ought  not  to  operate  to  any  sensible  amount 
in  a  well  designed  machine.  The  former  ought  to  be  reduced  to 
as  small  an  amount  as  possible. 

II.  When  the  water  is  said  to  act  by  preasv/re,  the  pressure  which 
drives  the  piston  or  vane  acted  upon  is  not  simply  the  effect  of  the 
weight  of  a  portion  of  water  descending  along  with  it,  but  is  the 
effect  of  the  weight  of  some  more  or  less  distant  mass  of  water 
transmitted  through  an  intervening  mass,  and  altered  to  any  ex- 
tent in  direction  and  in  the  velocity  of  its  action. 

IIL  When  the  water  is  said  to  act  by  impulse,  its  weight,  either 
directly,  or  through  intervening  pressure,  is  allowed  to  act  fi^eely  to 
such  an  extent  as  to  produce  a  jet  or  current  of  a  certain  velocity, 
whose  particles,  coming  in  contact  with  a  float  board  or  vane,  or 
another  fluid  mass,  have  that  velocity  either  diminished  or  taken 
away ;  and  during  that  operation  they  exert  a  pressure  against  the 
float  board  or  vane,  or  the  driven  mass  of  fluid,  proportional  to  the 
momentum  which  is  taken  away  from  them  in  eaich  second 
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CHAPTER  III. 

OF  WATER  BUCKET  ENGINE& 

101.  The  Water  Bvcket  Doist,  the  simplest  engine  driven  di- 
rectly by  the  weight  of  water,  is  firequently  used  for  raising  waggons 
of  coal  and  other  materials  to  an  elevated  platform.   It  consists  of — 

L  A  strong  timber  frame,  supporting  at  the  top  one  or  more 
large  pulleys. 

II.  A  chain  passing  over  the  pulleys. 

III.  A  cage  for  waggons,  hung  to  one  end  of  the  chain,  and 
moving  between  vertical  guide&  The  upper  and  lower  platforms, 
between  which  the  cage  travels,  should  be  provided  with  strong 
catches  to  fix  the  cage  at  the  higher  and  lower  levels  when  required. 

IV.  A  water  bucket,  hung  to  the  other  end  of  the  chain,  usually 
moving  between  vertical  guides,  and  having  a  valve  in  the  bottom, 
opening  upwards,  for  discharging  the  water.  This  valve  may  be 
made  self-acting,  by  making  its  spindle  project  downwards,  below 
the  bottom  of  the  bucket,  so  that  when  the  bucket  has  finished  its 
descent,  the  spindle  may  strike  upon  a  floor  and  lift  the  valve ;  but 
in  some  cases  it  is  more  convenient  that  the  valve  should  be  opened 
by  hand.  Kectangular  wooden  buckets  are  used ;  but  for  lightness 
and  strength,  the  best  material  is  sheet  iron,  and  the  best  ^ape  a 
cylindrical  body  with  a  hemispherical  bottom. 

y.  A  reservoir  and  spout  for  filling  the  bucket  when  it  is  at  the 
higher  level  The  valve  of  the  spout  may,  if  required,  be  made 
self-acting,  by  causing  it  to  be  opened  by  the  rising  and  shut  by  the 
falling  of  a  weighted  lever,  which  is  lifted  by  the  edge  of  the 
bucket  when  it  reaches  the  top  of  its  ascent,  held  up  imtil  the  bucket 
is  full,  and  allowed  to  drop  when  the  bucket  begins  to  descend. 

YI.  A  drain  or  tail  race,  to  carry  away  the  water  discharged 
from  the  bucket  at  the  lower  level. 

VII.  A  brake,  which  may  be  applied  to  one  of  the  pulleys. 

It  is  advisable,  for  safety's  jsake,  in  most  cases,  to  enclose  the 
course  of  the  cage  and  that  of  the  bucket  in  light  wooden  casings. 

The  weight  of  the  imloaded  cage  ought  to  be  somewhat  in  excess 
of  that  of  the  empty  bucket,  added  to  the  friction  of  the  machine 
when  unloaded. 

The  weight  of  the  full  bucket  ought  to  be  somewhat  in  excess  of 
that  of  the  loaded  cage,  added  to  the  Motion  of  the  machine  when 
loaded 
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The  friction  is  from  one-tenth  to  one-twentieth  of  the  gross  load 

In  order  that  the  weight  of  the  chain  may  always  be  balanced, 

two  pieces  of  chain  with  their  lower  ends  lying  loose  on  the  ground 

are  hung,  the  one  from  the  bottom  of  the  cage,  and  the  other  from 

the  bottom  of  the  bucket 

The  bucket  hoist  is  a  bulky  and  heavy  machine,  and  slow  in  its 
operation ;  but  from  its  great  simplicity,  it  is  easy  to  make,  main- 
tain, and  manage,  and  very  durable.  Its  resei-voir  may  be  sup- 
plied by  a  natund  source,  where  one  is  available  ,  in  other  cases, 
water  may  be  raised  to  it  by  a  pump  worked  by  a  steam  engine. 
The  latter  combination  is  a  good  means  of  economizing  power  when 
heavy  loads  have  to  be  lifted  during  short  times  and  at  distant 
intervals.  During  the  intervals  when  the  hoist  is  standing  idle, 
the  steam  engine  is  still  storing  energy  by  pumping  water  into  the 
reservoir;  so  the  work  performed  by  the  hoist  during  a  few  hours 
of  each  day  may  be  distributed,  so  far  as  the  exertion  of  eneigy  by 
the  steam  engine  is  concerned,  over  the  whole  twenty-four  hours ; 
and  a  steam  engine,  quite  inadequate  to  lift  the  load  to  be  raised 
directly,  may  thus  be  made  to  perform  the  whole  work  easily  by 
the  intervention  of  the  reservoir  and  hoist  as  means  of  storing  and 
restoring  eneigy. 

102.  liow  of  Head  im  Backet  Hoiatfc — ^The  actual  energy  with 
which  the  water  i-uns  from  the  reservoir  into  the  bucket,  and  from 
the  bucket  into  the  tail  race,  is  wholly  wasted  in  fluid  friction. 
Therefore  in  every  bucket  engine,  besides  the  fall  of  the  tail  race, 
there  is  a  loss  of  head  equal  to  the  height  of  the  surface  of  the 
water  in  the  reservoir  above  the  highest  level  of  the  surface  of  the 
water  in  the  bucket,  added  to  the  height  of  the  surface  of  the  water 
in  the  bucket  when  at  the  bottom  of  its  stroke  above  the  surface  of 
the  water  in  the  tail  race ;  that  is,  the  depth  of  the  bucket  at  least 
In  other  words,  while  the  total  head  is  the  elevation  of  the  top 
water  of  the  reservoir  above  the  outfall  of  the  tail  race,  the  avail- 
able head  is  the  height  through  which  the  bucket  descends  only. 

103.  A  Howbie  AciiMg  Bnckei  Sngiiie  has  sometimes  been  used, 
consisting  of  a  balanced  beam,  having  a  pair  of  equal  and  similar 
buckets  hung  to  its  two  ends,  which  rise  and  fall  alternately.  Each 
bucket,  on  arriving  at  the  top  of  its  stroke,  is  filled  with  water  by 
a  spout  from  a  reservoir,  with  a  valve  which  is  opened  and  closed 
by  the  mechanism.  On  arriving  at  the  bottom  of  its  stroke,  each 
bucket  is  emptied  through  a  self-acting  valve  in  its  bottom  into  the 
tail  race.  Thus,  as  in  the  bucket  hoist,  the  buckets  descend  full 
and  ascend  empty;  and  the  energy  due  to  the  descent  of  the  water 
in  them  is  employed  to  work  pumps,  or  otherwise. 

The  chief  advantage  of  this  kind  of  machine  is  its  adaptation  to 
regions  where  only  rude  workmanship  can  be  obtained. 
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CHAPTER  IV. 

OF  WATEB  PBESSUBE  SKOIKE& 

Section  1. — GeneraZ  Principles. 


104.  Part*  •f  a  Wat«r  Pr«Mare  Ea«inc. — In  a  water  pressure 
eDgine,  the  sevei-al  principal  parts  mentioned  in  Article  95  as  be- 
longing to  water  power  engines  in  general,  take  forms  suited  to 
that  class  of  engine. 

I.  The  hscui  rtuse  consists  of  a  supply  pipe  leading  from  a  reser- 
voir to  the  working  cylinder.  That  pipe,  together  with  the  reser- 
Toir,  constitute  what  is  called  the  pressure  column.  Besides  the 
regulator,  to  be  presently  mentioned,  there  should  be  a  stop  valve 
or  sluice  at  the  upper  end  of  the  supply  pipe,  in  or  close  to  the 
reservoir,  so  that  in  the  event  of  an  accident  occurring  to  the  supply 
pipe,  the  current  of  water  may  be  prevented  from  entering  it. 
There  should  also  be  a  grating  to  prevent  the  entrance  of  solid 
bodies  from  the  i-eservoir. 

All  water  contains  air  difiused  through  it,  and  most  water  con- 
tains sediment.  If  there  are  summits  and  hollows  in  the  course  of 
the  supply  pipe  (which  is  often  of  great  length),  the  air  collects  at 
the  former  and  the  sediment  at  the  latter.  There  should  be  a  cock 
at  the  upi)er  side  of  each  summit  in'  the  course  of  the  pipe,  for 
blowing  off  air,  and  at  the  lower  aide  of  each  hollow  for  blowing  off 
sedimentb 

II.  The  bye  wash  has  no  peculiarities  arising  from  the  class  of 
engines. 

III.  The  regulator  is  a  valve  of  one  or  other  of  certain  kinds  to 
be  afterwards  mentioned,  which  are  capable  of  being  adjusted  to 
any  required  extent  of  opening. 

lY.  The  engine  proper  consists  of  a  piston  moving  in  a  cylinder, 
together  with  the  valves  for  admitting  and  discharging  the  water 
from  the  cylinder.  The  engine  is  single  acting  or  double  acting 
according  as  the  water  acts  on  one  face  of  the  piston  only  or  on 
each  face  alternately. 

The  valves  are  sometimes  worked  by  hand,  in  which  case  the 
same  valve  may  act  as  the  regulator  and  the  admission  valve, — 
sometimes  by  mechanism  directly  diiven  by  the  piston  of  the 
engine, — and  sometimes  by  a  small  auxiliary  water  pressure 
engine. 
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The  place  of  the  piston  is  sometimes  supplied  by  a  mass  of  air ; 
in  whidi  case  the  alterations  of  volume  of  that  air  require  to  be 
taken  into  account 

y.  The  taii  race  consists  of  a  discharge  pipe,  whose  final  outlet 
may  be  either  at,  below,  or  above  the  level  of  the  cylinder. 

105,  B«cii«a  Pipe. — ^The  pressure  of  the  water  at  the  outlet  of 
the  discharge  pipe  is  equal  to  that  of  the  atmosphere,  added  to  that 
due  to  the  depth  at  which  the  water  outside  the  pipe  stands  above 
that  outlet;  so  that  when  the  outlet  is  below  the  level  of  the  piston, 
the  presstu^e  within  the  upper  end  of  the  discharge  pipe,  and  in  the 
cylinder  while  the  water  is  being  discharged,  may  be  less  than  the 
atmospheric  pressure.  In  this  case,  the  discbarge  pipe  is  called  a 
6tu:tion  pipe,  and  the  pressure  at  its  upper  end  is  described  by 
stating  by  how  mudh  it  is  below  the  atmospheric  pressure,  either  in 
pounds  on  the  square  inch  or  square  foot,  or  in  feet  of  water,  and 
that  deficiency  of  pressure  is  conventionally  called  so  many  pounds 
on  the  inch  or  foot,  or  so  many  feet,  '*  of  vctcuum."  Thus,  if  the 
atmospheric  pressure  is  14-7  lbs.  on  the  square  inch,  being  equi- 
valent to  33*9  feet  of  head  of  water,  and  the  absolute  pressure  in 
the  cylinder  during  the  discharge  is  two  lbs.  on  the  square  inch, 
being  equivalent  to  4*6  feet  of  head  of  water,  that  pressure  is 
described  as  12-7  lbs.  on  the  square  inch,  or  29*3  feet,  of  vacuv/ni. 
This  mode  of  expression  has  been  adopted  on  account  of  the  prac- 
tical convenience  of  reckoning  pressures  from  that  of  the  atmo- 
sphere as  an  arbitrary  zero. 

The  absolute  pressure  against  the  piston  during  the  discharge  is 
equal  to  the  atmospheric  pressure,  added  to  the  pressure  required 
to  overcome  the  resistance  of  the  discharge  pipe,  less  the  pressure 
due  to  the  elevation  of  the  upper  surface  of  the  water  beneath  the 
piston  above  the  bottom  of  the  fall.  There  never  acts  in  water,  at 
all  events  in  agitated  water,  negative  pressure  (that  is,  tension)  to 
an  amount  appreciable  in  practice;  therefore,  the  height  of  the 
upper  surface  of  the  water  beneath  the  piston  can  never  be  greater 
than  the  head  due  to  the  atmospheric  pressure,  added  to  the  head 
lost  in  overcoming  the  friction  in  the  discharge  pipe.  Should  the 
height  of  the  piston  itself  above  the  bottom  of  the  fall  be  greater 
than  this,  the  water  in  the  cylinder,  on  the  opening  of  the  discharge 
valve,  will  not  continue  in  contact  with  the  piston,  but  will  sud- 
denly drop  down  to  the  level  given  by  the  principle  just  stated, 
leaving  between  itself  and  the  piston  what  is  commonly  called  a 
"  vacuum "  or  "  empty  space,"  being  in  reality  a  space  filled  with 
rare  vapour.  The  height  of  that  space  is  so  much  head  lost;  its 
existence  tends  to  make  the  piston  leak,  and  its  periodical  empty- 
ing and  filling  is  accompanied  by  shocks  or  abrullunotions  in  the 
water,  which  tend  to  injure  and  wear  out  the  naBine;  therefore, 
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its  formation  ought  to  be  avoided;  and  for  that  purpose  the  height 
of  the  piston  above  the  bottom  of  the  fall  ought  never  to  be  greater 
than  that  due  to  the  least  atmospheric  pressure  and  the  resistance 
of  the  discharge  pipe.  Now,  the  water  in  the  discharge  pipe  is  some- 
times at  rest,  and  then  the  resistance  is  nothing ;  so  that  we  arrive 
finally  at  this  rule: — TJie  greatest  height  of  the  piston  above  Hie 
bottom  oftJis  faU  ought  not  to  exceed  the  head  o/tocUer  equwalerU  to 
the  least  atmospheric  pressure  in  the  locality, 

106.  The  licast  Atm««piiciie  Preamre  at  the  level  of  the  sea  is 
about  28  inches  of  mercury,  or  13*75  lb&  on  the  square  inch,  or 
31  -7  feet  of  water. 

The  ratio  in  which  the  least  atmospheric  pressure  is  less  than 
the  above  amount  at  a  gi;^n  elevation  (z)  above  the  level  of  the 
sea,  is  computed  with  sumcient  exactness  for  practical  purposes  by 
the  following  formula,  in  which  p^  is  the  pressure  at  the  level  of 
the  sea,  and  p^  the  presstire  at  the  elevation  of  z  feet : — 

^«8F;  =  6olr6' (1) 

In  the  absence  of  tables  of  logarithms,  the  following  formula, 
deduced  from  one  proposed  by  Mr.  Babinet,  is  approxdmately 
correct,  for  heights  not  exceeding  3,000  feet : — 


Pi  _  52400  -  z 
~Po  "  52400  +  z 


.(2.) 


When  the  height  exceeds  3,000  feet,  divide  it  into  a  series  of  stages, 
each  not  exceeding  3,000  feet  in  height ;  calculate  the  ratio  of  the 
pressures  at  the  top  and  bottom  of  each  stage,  and  multiply 
together  the  several  ratios  so  found  for  the  lutio  of  the  pressures  at 
the  top  and  bottom  of  the  entire  height. 

For  moderate  heights,  the  following  rule  is  sufficient : — deduct 
from  the  pressure  one-hundredth  part  of  itself /or  each  2^2  feet  of 
elevcUion, 

107.   EarpaB«l«B  of  Wmter  by  Heat — ^Approximate  Formala — Cam- 

paHaaa  of  Halts  of  Preanire. — It  is  seldom  necessary  in  calculations 
coDoected  with  water  pressure  engines  to  take  into  account  the 
expansion  of  water  by  heat;  but  in  the  event  of  its  being  at  any 
time  requisite  to  do  so,  the  following  formula,  although  only  a 
rough  approximation  in  a  scientific  point  of  view,  is  sufficiently 
accurate  for  the  practical  purpose  in  question,  and  is  extremely 
convenient,  from  the  ease  and  rapidity  with  which  its  results  can 
be  computed,  especially  when  a  table  of  reciprocals  is  at  hand  : — 
Let  Vq  =  62*425  lbs.  to  the  cubic  foot,  be  the  maximum  density 
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of  -water;  Dj  its  density  at  a  given  temperature  of  T°  on  Fahren- 
heit's scale:  then 

Di  nearly  =  ^  ^  4610  500~ 

§oo~  **■  T*  +  46r 

At  212°,  this  formula  gives  too  great  a  result  hy  ahout  ijj^ ;  at 
lower  temperatures  its  errors  are  much  smaller. 

CoMPABisoN  OP  Heads  of  Water  in  Feet  with  Pressures  m 

Various  Units. 

One  foot  of  water  at  39**i  Fahr.  =  62425    Iha  on  the  square  foot. 

0*4335  Ihs.  on  the  square  inch. 
0*0295  atmosphere. 
0*8826  inch  of  mercury  at  32°. 
(  feet  of  air  at  32°,  and 
"  773  3         y      I  atmosphere. 

One  lb.  on  the  square  foot, 0*01602  foot  of  water. 

One  lb.  on*  the  square  inch, 2  -307      feet  of  water. 

One  atmosphere  of  2  9  *9  2  2  inches  ) 

ofmercury, /    ^^  ^ 

One  inch  of  mercury  at  32°, i '  1 33  »         » 

One  foot  of  air  at  32^  and  one  )    ^.^^j     , 

atmosphere, j  ^"^      "         " 

One  foot  of  average  sea  water, 1*026        foot  of  pure  water. 

107  A.  PrrMwre  Oa«g«i  —  TacMwm  Owigea. —  Instruments  for 
indicating  the  intensity  of  the  pressure  of  a  fluid  contained  in  a 
close  vessel  are  called  "pressure  gauges,"  or  "vacuum  gauges,'* 
according  as  they  show  how  much  that  pressure  is  above  or  how 
much  it  is  below  that  of  the  atmosphere.  Frequently  the  same 
instrument  answers  both  those.  purpose&  Of  this  an  example  has 
already  been  given,  in  the  Indicator  (Articles  43, 44),  which  can  be 
applied  to  water  pressure  engines  as  well  as  to  the  steam  engine. 
The  following  are  three  eicamples  of  other  kinds  of  gauges  : — 

I.  The  mercurial  pressure  gcmge  is  the  most  exact  for  scientific 
purposes.  It  consists,  like  a  siphon  barometer,  of  an  inverted 
siphon,  or  U-shaped  tube,  the  lower  part  of  which  contains  mer- 
cury, and  whose  vertical  legs  have  a  scale  attached  alongside  of 
them,  divided  either  into  inches  and  decimals,  or  divisions  corre- 
sponding to  pounds  on  the  square  inch,  or  other  convenient  units  of 
pressure.  One  leg,  by  means  of  a  brass  nozzle,  communicates  with 
the  vessel  within  which  the  fluid  is  contained ;  the  other  is  open  to 
the  air.     The  mercury  stands  lowest  in  that  leg  in  which  the 
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pressure  on  its  tipper  surface  is  most  intense;  and  the  difference  of 
level  of  the  mercury  in  the  two  legs  indicates  the  difference  between 
the  pressure  in  the  vessel,  and  the  atmospheric  pressure. 

To  determine,  if  required,  the  absolute  pressure  within  the  vessel, 
the  absolute  pressure  of  the  atmosphere  at  the  time  of  observation 
may  be  ascertained  by  means  of  an  ordinary  barometer. 

Mercurial  vacuum  gauges  are  sometimes  used,  which  indicate 
dvrecUy  the  absolute  pressure  within  a  vessel,  by  being  constructed 
exactly  like  a  baroijaeter,  having  the  leg  containing  the  mercurial 
column  that  balances  the  pressure  to  be  measured  dosed  hermeti- 
cally at  the  top,  with  a  Torricellian  vacuum  above  the  mei-cury, 
produced  in  the  usual  way,  by  inverting  the  tube  and  boiling  the 
mercury  in  it 

It  is  necessary  to  accurate  measurement,  that  the  scales  of  mer- 
curial pressure  gauges  should  be  exactly  vertical 

The  relations  stated  in  Articles  6  and  107  between  inches  of 
mercury  and  other  units  of  intensity  of  pressure,  have  reference  to 
a  temperature  of  32°  Fahrenheit  For  any  other  temperature,  T°, 
on  Fahrenheit's  scale,  let  h!  be  the  observed  height  of  a  mercurial 
column,  and  A  the  corresponding  height  reduced  to  32°;  then 

*  ^  1  +  U-0U01008  (T°  -  32°) ^^-^ 

IL  The  air  manorMter  consists  of  a  long  vertical  glass  tube, 
closed  at  the  upper  end,  open  at  the  lower  end,  containing 
air,  provided  with  a  scale,  and  immersed,  along  witii  a  thermo- 
meter, in  a  transparent  liquid,  such  as  water  or  oil,  contained  in  a 
strong  cylinder  of  glass,  which  communicates  with  the  vessel  in 
which  the  pressure  is  to  be  ascertained.  The  scale  shows  the 
volume  occupied  by  the  air  in  the  tube. 

Let  Vq  be  that  volume,  at  the  temperature  of  32°  Fahrenheit,  and 
mean  pressure  of  the  atmosphere  p^y  let  v^  be  the  volume  of  the  air, 
at  the  temperature  T°,  and  under  the  absolute  pressure  to  be 
measured,  jE7t;  then 

^1  -  493^^~ • ^^-^ 

III.  BourdovCs  gauge  is  the  most  usefal  yet  known  for  practical 
purposes.  Its  ordinary  construction  is  represented  in  ^,  26.  A  is 
a  cock,  communicating  with  the  vessel  in  which  the  pressure  is  to 
be  measured.  BB  is  a  curved  metallic  tube,  communicating  with 
A  at  one  end,  and  closed  at  the  other.  The  cross-section  of  this 
tube  is  of  the  flattened  form  represented  in  fig.  27,  and  its  greatest 
breadth  is  in  the  direction  perpendicular  to  the  plane  in  which  the 
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Fig.  26. 


tube  is  curved.  When  the  pressure  within  the  tuhe  is  greater  than 
the  preaaure  without,  the  tube  becomeB  less  curved;  when  the 
^g^^^^^  preaaure  without  is 
^^^^^^^  the  greater,  it  be- 
comes  more  curved. 
*^  "•  The  moUona  of  the 

closed  end  of  the  tube  are  oonununi- 
I  cated  either  through  the  link  G  D,  and 
I   lever  D  E,  or  by  meana  of  wheel-work, 
'    to  the  index  E  F,  which  points  to  a 
graduated  arc     The  positions  of  the 
graduationB  on  the  arc  are  fixed  by 
comparison    either   with  a  mercurial 
gauge  for  moderate  pressures,  and  an 
air  manometer  for  very  high  pressures, 
or  with  another  Bourdon's  gauge  known 
to  be  correctly  graduated. 

These  gauges  can  be  made  of  any- 
required  degree  of  sensibility,  so  that 
some  are  suited  to  measure  pressure 
of  less  than  one  atmosphere,  and  others 
a  of  several  thousand  lbs.  on  the  square  inch. 
Their  mechanism  is  usually  contuned  in  a  cylindrical  brass 
box,  and  the  dial  plate  and  index  are  protected  by  a  plate  of  glaa& 
They  con  be  screwed  in  every  requi^d  position  upon  machines 
acting  by  the  pressure  of  f  uids. 

106.  viziac  DianMcr  af  SapplT  Plp«> — In  designing  a  water    . 
pressure  engine,  it  is  often  necessary  to  fix  the  diameter  of  the 
supply  pipe  so  that  it  shall  deliver  a  given  number  of  cubic  feet  of 
water  per  second  with  a  loss  of  head  not  exceeding  a  given  limit. 

Let  /(  denote  the  prescribed  greatest  loss  of  h^,  in  feet  This 
must  correspond  to  the  greatest  velocity,  and  therefore  to  the 
greatest  flow,  through  the  supply  pipe. 

Let  Q  be  the  number  of  cubic  feet  of  water  required  by  the 
engine  per  second,  and  Q"  the  greatest  flow  per  second  through  the 
supply  pipe.  Then  if  the  piston  moves  for  a  considerable  period 
with  a  continuous  motion  in  one  direction  (as  in  hydraulic  hoists), 
if  the  engine  is  double  acting,  with  an  uniformly  moviug  piston,  or 
if  it  has  a  pair  of  single  acting  cylinders  with  pistons  moving  alter- 
nately and  uniformly, 

Q'=  Q  nearly; (1.) 

If  the  engine  drives  a  rotating  crank  shaft, 

Q*  s  1-67  Q  nearly; (1  a.) 
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if  the  engine  has  only  one  single  acting  cylinder,  and  Q  is  reckoned 
joer  second  of  the  whole  time  occupied  hy  the  piston  in  descending  as 
well  as  in  rising y  the  water  stands  still  in  the  supply  pipe  while  the 
piston  is  descending,  and,  therefore,  in  this  case, 

Q*  =  2  Q  nearly (2.) 

It  has  already  been  stated,  in  Article  99,  that  the  loss  of  head 
in  a  straight  pipe  is  given  by  the  formula 

"-'-T-^. <^) 

I  being  the  length,  h  the  circumference,  A  the  sectional  area,  and 

/=0O036  +  «:^ (4.) 

In  a  cylindrical  pipe  of  the  diameter  ^>  -r  '  I  ^   ^^^'  therefore 
the  equations  3  and  4  may  be  reduced  to  the  following  form  : — 

"-'-^■wv W     " 

4/=  00144  +       —  (6.) 

Now  A  =  •  7854  d^;  and,  therefore,  the  velocity  in  the  pipe  has 
the  following  value : — 

*=  A  "  -7854  d^ ' (''•) 

and  the  height  due  to  the  velocity^ 

64-4  ""  39-73  rf*' ^^^ 

which,  being  introduced  into  equation  5,  gives 

39-73  ^ ' ^^i 

and  oonsequentlj 

''"'-■  W^' ca) 

In  this  formula,  the  co-efBcient  of  friction /depends  on  the  velocity, 
which  itself  depends  on  the  diameter  d,  being  the  quantity  sought 

I 
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It  IB,  therefore,  necessary  to  assume  in  the  first  place  an  approxi- 
mate value  for  ^/,    The  value  commonly  assumed  is 

0-0258, 

which  gives,  for  the  Jirat  approxiTnation  to  the  diameter  of  the  pipe, 

d  =  ^0-00065 ^V  =  0-2304  (^^* (H) 

The  approximate  diameter  thus  found  is  to  be  substituted  in  equa- 
tion 7,  to  find  an  approximate  velocity;  from  which  is  to  be 
deduced,  by  equation  6,  a  corrected  value  of  4  ^  which  being 
employed  in  equation  10,  gives  a  second  approseimation  to  the 
diameter  of  the  pipe;  and  this  is  almost  always  sufficiently' accurate. 

To  provide  for  unforeseen  causes  of  increased  resistance,  such  as 
the  deposit  of  a  crust  in  the  pipe,  it  is  customary  to  add  oke-sixth, 
or  thereabouts,  to  the  diameter  given  by  the  preceding  formulae. 

The  diameter,  though  computed  in  feet,  is  commonly  reduced  to 
inches  when  mentioned  in  tiie  description  or  specification  of  the 
pipe,  or  written  on  a  drawiog. 

The  pipe  is  supposed,  in  this  Article,  to  have  what  it  ought 
always  to  have,  a  mouthpiece  at  its  upper  end  of  the  form  of  the 
contracted  vein,  whose  resistance  is  nearly  insensible  (Article  99). 

The  formula  for  the  Iriction  of  water  in  pipes,  which  is  that  of 
Professor  Weisbach,  first  published  in  his  work  on  the  Mechanics 
of  Engineering,  has  of  late  been  amply  confirmed  by  the  experi- 
ments of  the  same  author  on  velocities  of  fiow  up  to  about  forty 
feet  per  second  (see  the  periodical  Civil  Ingenieur,  new  series, 
voL  v.,  part  1). 

Another  method  of  approximating  to  the  required  diameter  is  as 
follows : — 

Assume  a  diameter  d',  from  which,  by  equation  7,  compute  the 
velocity  i/  corresponding  to  the  i-equired  flow  Q'.  IVom  that  velo- 
city, by  equation  6,  compute  the  co-efficient  4/;  and  thence,  by 
equation  5,  the  loss  of  head  h'  corresponding  to  the  assumed  dia- 
meter. If  this  differs  &om  the  assigned  loss  of  head  h,  the  required 
effective  diameter  c^  is  to  be  computed  by  the  formular — 


'^^''•(l)^ (12.) 


and  the  actual  diameter  is  to  be  made  one-sixth  greater  than  this 
effective  diameter. 

If  ^  is  a  ratio  differing  little  from  unity,  then 


:  l...(l.) 
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J  =  if-|l+l(|-l)}  nearly. (12  a.) 

109.  B«Mt  •€  tbe  BegHiafMw — ^Let  A  be  the  sectional  area  of  the 
sapply  pipe;  a  the  area  of  the  opening  of  the  regulator,  when  par- 
tially closed;  c  the  co-efficient  of  contraction  of  that  opening, 
as  to  whose  values  for  different  openings,  see  Article  99.  Then  by 
comparing  equations  12  a  and  13  of  Ajrtide  99  together,  it  appears 
that  for  equal  velocities  of  flow  in  the  same  supply  pipe,  the 
resistance  is  increased  by  the  partial  closing  of  the  regulator  in  the 
proportion — 

A  ^Vc»      7     •    A      •      ^         /bl 

=  (for  a  cylindrical  pipe)  1  +  -ryj :  1. 

Let  this  be  expressed,  for  brevity's  sake,  by 

1  +  n  :  1. 

This  increased  resistance  may  take  effect  either  in  increasing  the 
loss  of  head,  or  in  diminishing  the  flow,  or  in  both  ways  at  once ; 
but  in  any  case,  if  Q^  represents  the  flow  and  h^  the  loss  of  head, 
with  the  pipe  uninterrupted,  and  Q^  the  flow  and  hi  the  loss  of 
head,  with  tiie  regulator  partially  closed;  then 

The  same  principle  may  also  be  expressed  in  the  following  way : — 
let  t^Q,  t^,  be  the  effective  mean  speed  of  the  piston  of  the  engine 
corresponding  to  the  dischai^es  Qo,  Qi ;  then 

^••i+«==|  =  |. w 

It  is  better  for  economy  of  power  that  the  contraction  of  the  regu- 
lator should  take  effect  by  diminishing  the  speed  of  the  engine  than 
by  increasing  the  loss  of  head;  for  the  volume  of  water  whose 
passage  is  prevented  by  a  diminution  of  speed  can  be  stored  in  the 
reservoir  for  future  use ;  but  an  increased  loss  of  head  gives  rise  to 
an  irretrievable  waste  of  energy. 
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110.  Actl«B  •f  lite  Water  4m  the  vutma» — In  a  single  acting  en- 
gine, let 

H|  denote  the  height  of  the  top  of  the  fall  above  the  mean  level 
of  the  face  of  the  piston,  the  action  of  the  water  on  which  is  under 
consideration; 

h^f  the  loss  of  head,  by  the  friction  of  the  water  in  the  supply 
pipe,  regulator,  valve  ports,  and  cylinder; 

Q,  the  mean  flow,  in  cubic  feet  per  second; 

D,  the  weight  of  one  cubic  foot  of  water; 

A,  the  area  of  the  piston,  in  square  feet; 

Pi,  the  mean  intensity  of  the  effort  exerted  by  the  water  on  the 
piston  during  the  forward  stroke,  in  lbs.  on  the  square  foot; 

Uy  the  mean  velocity  of  the  piston,  in  feet  per  second; 

^',  the  co-efficient  of  friction  of  the  piston  and  mechanism,  so 
that  (1  —  F)pi  is  the  intensity  of  the  lueful  load;  then 

^=:D(Hi-Ai); (1.) 

A^  ==  D  (Hj  -  A^)  A  =  total  effort  of  the  water  on  the 

piston; (2.) 

20 
^=:^i (3.) 

energy  is  exerted  by  the  water  on  the  piston  during  the  forward 
stroke,  at  the  mean  rate  of 

uApi  =  2  D  Q  (Hj-A^  ft.-lb.  per  second; (4.) 

and  tuefid  work  performed,  at  the  rate  of 

^(l-Ar>A;7,  =  2(l-^')DQ(Hi-A^) (5.) 

The  value  of  ^,  from  experiments  of  the  Messrs.  More  and  the 
Author,  is  about  ^r. 

Further,  let* 

Hg  be  the  mean  height  of  the  face  of  the  piston  above  the  bot- 
tom of  the  611  (not  exceeding  31-7  feet).— If  the  bottom  of  the  fall 
IS  above  the  mean  level  of  the  piston  face,  H-  is  to  be  made  ne- 
gative ; 

^2*  tbe  loss  of  head  in  the  discharge  pipe  and  valves ; 
p^  the  mean  intensity  of  the  effort  exerted  on  the  piston  durinc 
the  back  stroke;  then 

P2  =  D{H2-A2); (6.) 

^P2=^^{^-h^A (7.) 
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If  Hg  is  le£B  than  ^  or  negative,  these  expressions  become  nega- 
tive, and  represent  resiatcmce  exerted  by  the  water  against  the 
piston. 

During  the  return  stroke  energy  is  exerted  on  the  piston  at  the 
mean  rate  of 

uAp2  =  2  D  Q  (Hg- Ag)  ftw-lb.  per  second. (8.) 

If  this  expression  is  negative,  it  represents  work  lost  in  forcing  the 
water  out  of  the  cylinder. 

Finally,  taking  the  mean  of  the  expressions  4  and  8,  we  find  for 
the  whole  energy  exerted  by  the  water  on  the  piston,  per  second — 

«A-^l^«  =  DQ(Hi  +  Hj-Ai-&8) 

=  DQ(H-A); (9.) 

H  =  H^  +  Hg  being  the  total  fall,  and 
A  =  Aj  4-  ^2  *^®  ^^  loss  of  head; 
while  the  useful  work  per  second  is 

(l-^ODQCH-A), (10.) 

and  the  combined  efficiency  of  the  fall  and  engine— 

ILi^l^zA) (11.) 

This  varies,  in  different  cases,  from  about  0*67  to  about  0-8. 


Section  2. — Of  Valves* 

111.  Valves  In  General,  considered  with  reference  to  the  means 
by  which  they  are  moved,  may  be  divided  into  three  principal 
classes: — ^Valves,  sometimes  called  clacks,  which  are  opened  and 
shut  by  the  pressure  of  the  fluid  that  traverses  their  openings,  and 
are  usually  intended  for  the  purpose  of  permitting  the  passage  of 
the  fluid  in  one  direction  only,  and  stopping  its  return; — ^valves 
moved  by  hand ; — and  valves  moved  by  mechanism.  When  a  pis- 
ton drives  a  fluid,  as  in  ordinary  pumps,  the  valves  are  usually 
moved  by  the  fluid:  when  the  fluid  drives  the  piston,  it  is  in 
general  necessary  that  the  valves  should  be  moved  by  hand  or  by 
mechanism.  In  water  pressure  engines  that  work  occasionally  and 
at  irregular  intervals,  such  as  hydraulic  hoists  and  cranes,  the 
valves  are  usually  opened  and  shut  by  hand;  in  those  which  work 
periodically  and  continuously,  they  are  moved  by  mechanism  con- 
nected with  the  engine. 
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"Safety  valves  for  permitting  a  fluid  to  escape  from  a  vessel  when 
the  pressure  tends  to  rise  above  the  limit  of  safety,  belong  to  the 
class  that  are  moved  by  the  fluid.  Regulating  valves  aro  adjusted 
either  by  hand,  or  by  means  of  a  governor. 

The  BEAT  of  a  valve  is  the  fixed  surface  on  which  it  rests,  or 
against  which  it  pressea 

The  FACE  of  a  valve  is  that  part  of  its  sur&ce  which  comes  in 
contact  with  the  seat. 

When  a  valve  occurs  in  the  course  of  a  pipe  or  passage,  the  valve 
box  or  chamber,  being  that  part  of  the  passage  in  which  the  valve 
works,  should  always  be  of  such  a  shape  as  to  allow  a  free  passage 
for  the  fluid  when  the  valve  is  open,  so  that  the  fluid  may  pass  the 
valve  with  as  little  contraction  of  the  stream  as  possible;  and  if 
necessary  for  that  purpose,  the  valve  chamber  may  be  made  of 
larger  diameter  than  the  rest  of  the  passage. 

The  usual  materials  for  valves  and  their  seats  are  iron^  bronze^ 
brass,  hardwood,  leather,  india  rubber,  and  gutta  percha. 

When  a  valve  and  its  seat  are  both  of  metal,  they  should  be  of 
the  same  metal ;  for  when  they  are  of  different  metals,  a  galvanic 
action  takes  place,  which  ^causes  one  or  other  of  them  to  be  cor- 
roded. 

In  water  pressure  engines  and  pumps,  the  best  material  for  the 
seats  of  metal  valves  is  some  hard  wood,  such  as  elm  or  lignum 
vitee,  the  fibres  being  set  endways,  and  constantly  wet. 

India  rubber  and  gutta  percha  being  dissolved  or  softened  by 
oiLs,  whether  fatty  or  bituminous,  are  unsuitable  materials  for 
valves  to  which  those  fluids  have  access. 

112.    The   B«amet  Talre  or  Caaical  Twdrm  is  a  flat  or  slightly 

arched  circular  plate  of  metal,  whose  face,  being  formed  by  its  rim, 

is  sometimes  a  frustum  of  a  cone,  and  some- 
times a  zone  of  a  sphere,  the  latter  figure  being 
the  best.  Its  seat,  being  the  rim  of  the  circular 
orifice  which  the  valve  closes,  is  of  the  same 
figure  with  the  face  or  rim  of  the  valve,  and 
Fig.  28.  ^^^  valve  face  and  its  seat  are  turned  and 

ground  to  fit  each  other  exactly,  so  that  when  the  valve  is  closed 
no  fluid  can  pass.  The  thickness  of  a  valve  of  this  form  is  usually 
from  a  fifth  to  a  tenth  of  its  diameter,  and  the  mean  inclination  of 
its  rim  about  45°. 

To  insure  that  the  valve  shall  rise  and  fall  vertically  and  always 
return  to  its  seat  in  closing,  it  is  sometimes  provided  with  a  spindle^ 
as  shown  in  fig.  28,  being  a  slender  round  rod  perpendicular  to  the 
valve  at  its  centre,  and  moving  through  a  ring  or  cylindrical  socket. 
A  knob  on  the  end  of  the  spindle  prevents  the  valve  from  rising  too 
higL     When  the  valve  is  to  be  moved  by  hand  or  by  mechanism^ 
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the  spindle  may  be  continued  through  a  stufGng  box,  and  conneot«d 
with  a  handle  or  a  lever,  bo  as  to  be  the  tneana  of  transmitting 
motion  to  ^e  valve. 

When  the  valve  seat  ia  at  the  upper  end  of  a  cylindrical  passage, 
■a  in  ordinary  safety  valves,  the  place  of  the  spindle  ia  often  eap- 
plied  by  meaits  of  a  taii,  which  vriU  be  described  in  the  next 

113.  The  C»— —  amtntr  Vmln  used  for  steam  boilers  as  well  aa 
for  water  preaanre  engines,  is  a  bonnet  valve  loaded  with  a  weight 
eqoal  to  the  greatest  excess  of  the  pressure  upon  each  area  equal  to 
that  of  the  valve  within  the  vessel  on  which  the  valve  is  fitted, 
above  the  preaanre  of  the  atmosphere,  to  which  it  is  safe  to  aabject 
that  vessel  during  its  ordinary  ub& 

Sometimes  the  valve  has  a  vertical  apindle  riging  from  it,  moving 
in  guides,  and  loaded  directly  with  cylindrical  weights  which  rest 
on  a  collar  that  suirounds  the  spindle. 


r 


Sometimes  the  load  Is  applied  by  means  of  a  lever,  as  in  fig.  39, 
which  represents  a  section  of  the  valve  seat  and  valve,  and  an  ele- 
vation of  the  lever.  A  b  the  valve,  D  a  stud  or  knob  in  the  centre 
of  its  upper  side,  C  B  a  lever  jointed  to  a  fixed  fulcram  at  C,  B  the 
weight,  which  can  be  shiiled  to  different  positious  on  the  lever,  so 
as  to  vary  the  load  on  the  valve. 

The  intensity  of  the  effective  pressure  p  per  square  inch  neces- 
satj  to  open  the  valve  ia  given  as  follows: — Let  B  denote  the 
weight  applied  to  the  lever,  L  that  of  the  lever  itself,  G  C  the  dis- 
tonce  of  the  centre  of  gravity  of  the  lever  from  the  joint  C,  W  the 
Teight  of  the  valve,  A  its  area  in  square  inches  j  then 


^^|B.sy^L.o-o^,|^ 
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Fig.  30  is  an  elevation  of  the  valve,  showing  the  tail  (tireaiy 

referred  to  in  the  last  Aiticle),  by  which  it  is  guided  ao  aa  to  move 

vertically,  and  to  return  always  to  its  seat.    Fig.  31  is  a  horizontal 

section  of  the  tail,  which  consists  of  three  vertical  riba 

"featheis,"   radiating  at  angles  of  120°.      Their 

out^r  auriacea  or  edges  are  small  portions  of  a  vertical 

I   cylinder,  turned  to  fit  the  cylindrical  tube  on  which 

the    valve    is    placed    easily   but   not   too 

loosely. 

ModiGcatioQB  of  the    safetf  valve,  spe- 
cially suited  to  steam  engines,  will  be  de- 
_,    „„         ™    .,      scribed  under   the  head  of   that  class  of 
Fie.  SO.        fio.  El. 
'  ^  pnme  movera. 

114.  Hie  Ball  ClMk  (fig  32)  is  a  valve  of  the  form  of  an  aocn- 
iat«ly  turned  sphere.     When  of  large  size,  it  is  in  general  hollow, 

in  order  to  reduce  its  weight,  lis  face  is  its 
entire  surface:  its  seat  is  a  spherical  zone,  as  in 
the  case  of  some  bonnet  valves  already  referred 
to.  Aa  the  ball  clock  fits  its  seat  alike  in  every 
position,  it  needs  neither  spindle  nor  tail;  but 
either  ^e  chamber  in  which  it  works  muat  be  of 
such  a  shape  and  size  us  to  insure  its  always  fall- 
ing into  its  seat,  or  the  same  object  must  be 
efiected  by  means  of  wire  guards  enclosing  it,  as 
shown  in  the  figure.   The  tattor  plan  is  the  better, 

as  it  is  the  more  likely  to  insure  that  there  shall  always  be  a  free 

passage  for  the  fluid  round  the  valve  when  open. 

115.  nivUri  caalcal  Tain. — Bonnet  valves  of  large  size,  when 
working  under  high  pressures,  often  require  an  inconveniently 
great  amount  of  work  to  open  them,  and  shut  with  such  violence 
as  to  cause  injurious  shocks  to  the  machine.  To  obviate  this  evil, 
a  valve  has  sometimes  been  used,  composed  of  a  series  of  concentric 
rings.  The  largest  ring  may  be  considered  as  a  bonnet  valve,  in 
which  there  is  a  circular  orifice,  forming  a  seat  for  a  smaller  bonnet 
valve,  in  which  there  ia  a  smaller  circular  orifice,  forming  a  seat  for 
a  still  smaller  bonnet  valve,  and  so  on.  Thia  arrangement  enables 
a  large  opening  for  the  passage  of  water  to  be  formed  with  a 
modentto  upward  motion  of  each  diviwon  of  the  valve ;  and  conse- 
quently with  a  moderate  expenditure  of  work  to  open  it,  and  a 
moderate  shock  when  it  shuts. 

116.  The  Daabie-BcBi  Taira  (an  invention  of  Messrs.  Harvey 
and  West)  is  the  best  contrivance  yet  known  for  enabling  a  large 
passage  for  a  fiuid  to  be  opened  and  shut  easily  under  a  high  pres- 
snre.  Fig.  33  represents  a  section  of  the  valve,  with  its  seats  and 
chamber,  and  fig.  34  a  plan  of  the  valve  alone; 


Fig.  81. 
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The  valve  ahown  in  the  figure  is  for  the  pm-pOBe  of  opening  and 
uhutting  the  commiinicatioa  between  the  pipes  A  and  B. 


Kg.  S3. 

The  pipe  B  ia  Tertical,  and  its  npper  rim  carries  one  of  the  two 
Talve  seats,  which  are  of  the  form  of  the  frustum  of  a  cone,  and 
each  marked  a. 

A  frame  C,  composed  of  radiating  partitions,  fixed  to  and  resting 
on  the  upper  end  of  the  pipe  B,  carries  a  fixed  circular  disc,  whose 
rim  forms  the  other  conical  vaJve  seat 

The  valve  D  is  of  the  form  of  a  turfoau,  and  has  two  annular 
conical  iacea,  which,  when  it  is  shut,  rest  at  once  on  and  fit  equally 
close  to  the  two  seats  a,  a.  When  the  valve  is  raised,  the  fluid 
paases  at  once  through  the  cylindrical  opening  between  the  lower 
edge  of  the  valve  and  the  upj>er  edge  of  the  pipe  B,  and  throuzh 
the  similar  opening  between  the  upper  edge  of  the  valve  and  the 
rim  of  the  circular  disc. 

The  greatest  possible  opening  of  the  valve  is  when  ita  lower  edge 
is  midway  between  the  disc  and  the  rim  of  the  pipe  B,  and  is  given 
by  the  following  formula : — 

Let 

</j  be  the  diameter  of  the  pipe  B ; 

d^,  that  of  the  disc ; 

h,  the  clear  height  from  the  pipe  to  the  disc,  lee»  the  thickness  of 
the  valve; 

A,  the  greatest  area  of  opening  of  the  valve;  then 
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A  =  31416  ^4^- Aj (1.) 

and  in  order  that  this  may  be  at  least  eqnal  to  the  area  of  the  pipe 
B,  viz.,  '7854  d},  we  should  have 

*"*'««'  =  2(^' <2.) 

which,  if  as  is  usual,  c2|^  =  c^j)  gi^^a 

^  at  least  =  ^; (2  a.) 

but  A  is  in  general  considerably  greater  than  the  limit  fixed  by 
this  rule. 

If  the  upper  and  lower  seats  are  of  eqnal  diameter,  the  valve  is 
little  affected  by  any  excess  of  pressure  either  in  A  or  in  B ;  and  a 
force  a  little  exceeding  its  own  weight  is  sufficient  to  open  itw  It 
is  then  called  an  equilibrium  yalve. 

If  the  diameter  of  the  upper  seat  is  the  less,  an  excess  of  pres- 
sure in  A  over  B  tends  to  keep  it  shut,  and  an  excess  of  pressure 
in  B  over  A  to  open  it 

If  the  diameter  of  the  upper  seat  is  the  greater,  an  excess  of 
pressure  in  A  over  B  tends  to  open  the  valve,  and  an  excess  of 
pressure  in  B  over  A  to  keep  it  shut.  This  arrangement  is  seldom 
used. 

In  each  case,  the  force  arising  from  difference  of  intensity  of 
pressure,  and  tending  to  open  or  shut  the  valve,  as  the  case  may 
be,  is  nearly  eqnal  to  that  difference  multiplied  by  the  difference 
between  the  area  of  the  pipe  B  and  that  of  the  circular  disa 

The  equilibrium  valve  is  the  kind  of  double-beat  valve  most 
commonly  used  in  steam  engines.  In  water  pressure  engines, 
pumps,  and  hydraulic  apparatus  generally,  the  lower  valve  seat  is 
generally  made  a  little  larger  than  the  upper. 

117.  A  Flap  Ttdret  illustrated  by  fig.  35,  is  a  lid  which  opens 
and  shuts  by  turning  on  a  hinge.    The  hinge  may  either  be  a  metal 

joint,  or  may  be  provided  by  the  flexibility  of 
the  material  of  the  valve  itself,  when  that  is 
^^^^     leather  or  india  rubber. 
p.    ^.  The  face  may  be  of  leather,  india  rubber, 

^'     '  or  metal;  in  the  last  case  the  face  and  seat 

should  be  carefully  scraped  to  true  planea 

In  hydraulic  machines,  the  most  common  material  for  flap  valves 
is  leather,  which  should,  as  £ar  as  possible,  be  kept  constantly  wet. 
A  large  leather  flap  may  be  stiffened  in  the  middle  by  a  plate  of 
wood  or  metal 
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A  pair  of  flap  yalves  placed  hinge  to  hinge  (usually  made  of  one 
piece  of  leather  fastened  down  in  the  middle)  constitute  a  *' butter- 
FLT  CLACK."  The  chamber  of  a  flap  valve  should  be  of  considerably 
greater  diameter  than  the  valve. 

1 18.  A  Flap  and  Orating  Taire  consists  of  a  round  disc  of  water- 
proof canvas  or  of  india  rubber^  resting  on  a  flat  horizontal  grating, 
or  on  a  plate  perforated  with  holes,  to  which  it  is  fastened  down  at 
the  centre,  being  lefl  loose  at  the  edgea  To  prevent  the  valre 
from  rising  too  high,  it  is  usually  provided  with  a  guard,  which  is 
a  thin  metal  cup  formed  like  a  segment  of  a  sphere,  grated  or  per- 
forated like  the  valve  seat,  to  which  it  is  bolted  at  the  centre, 
serving  also  to  fasten  the  valve  down  at  that  point.  The  cup 
should  have  a  metal  shoulder  at  its  base,  a  little  less  in  depth  than 
the  thickness  of  the  flap,  to  press  directly  against  the  seat,  so  that 
the  tension  of  the  bolt  may  not  be  brought  to  bear  on  the  flap, 
which  would  be  unable  to  sustain  it.  When  the  valve  is  raised  by 
a  current  ^m  below,  it  applies  itself  to  the  bottom  of  the  cup. 
When  the  current  is  reversed,  the  fluid  from  above,  pressing  omthe 
valve  through  the  holes  in  the  cup,  drives  it  down  to  its  seat  again. 

According  to  Mr.  Bourne,  values  of  this  class,  when  made  of 
india  rubber,  may  be  about  six  inches  in  diameter  and  five-eighths 
of  an  inch  thick.  They  are  adapted  to  lai^  pumps  by  nuJdng 
them  sufficiently  numerous.  .  They  are  now  much  used  for  the  air 
pumps  of  steam  engines,  in  which  the  pressure  they  have  to  sus- 
tain is  less  than  one  atmosphere.  It  is  probable  that  they  are  not 
capable  of  bearing  veiy  high  pressures. 

119.  The  Disc  aad  Pirac  Talre,  or  Tlnvltle  Talrc,  consists  of  a 

thin  flat  metal  plate  or  disc,  which,  when  shut,  fits  closely  the 
opening  of  a  pipe  or  passage,  generally  circular  in  section,  but 
sometimes  rectangnlsir.  The  valve  turns  upon  two  pivots  or 
journals,  placed  at  the  extremities  of  a  diameter  traversing  its 
centre  of  gravity,  so  that  the  pressure  of  the  fluid  against  it  is 
balanced  about  its  axis  of  rotation,  and  the  valve  can  be  turned 
into  any  angular  position  by  a  force  sufficient  to  overcome  its 
friction. 

When  the  valve  is  turned  so  as  to  lie  edgeways  along  the  pas- 
sage, the  current  of  fluid  passes  with  very  little  obstruction :  when 
it  is  turned  transversely,  the  current  is  stopped,  or  nearly  stopped. 
By  placing  the  valve  at  various  angles,  various  openings  can  be 
made.  If  the  valve,  when  shut,  is  perpendicular  to  the  axis  of  the 
pipe,  the  opening  for  any  given  indiniation  of  the  valve  to  that 
axis  is  proportional  to  the  eoversed-sine  of  the  indincUion.  If  the 
valve  is  oblique  when  shut,  the  opening  at  a  given  inclination  ia 
proportional  to  the  difference  between  the  eine  of  that  indincUion 
and  the  sine  of  the  indincUion  tohen  sbuL 
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The  yoce  of  this  valve  is  its  rim;  its  seal  is  that  part  of  the 
internal  surfBLce  of  the  passage  which  the  rim  touches  when  the 
valve  is  shut;  and  those  surfaces  ought  to  be  made  to  fit  very 
accurately,  without  being  so  tight  as  to  cause  any  difficulty  in 
opening  the  valve. 

One  of  the  journals  of  the  valve  usually  passes  through  a  bush 
or  a  stuffing  box  in  the  pipe,  so  as  to  afibrd  the  means  of  commu- 
nicating motion  to  the  valve  from  the  outside. 

It  is  difficult  to  make  valves  of  this  class  perfectly  water-tight  or 
steam-tight  without  too  much  impeding  their  motion.  They  are, 
therefore,  not  so  well  suited  for  stop  valves  as  for  regulating 
valves,  and  for  the  latter  purpose  they  are  much  used,  both  in 
water  pressure  engines  and  in  steam  engines. 

Their  form  will  be  illustrated  in  the  figures  of  engines  of  which 
they  form  part 

120.  Slide  TaiTM. — ^The  secU  of  a  slide  valve  consists  of  a  plane 
metal  surface,  very  accurately  formed,  part  of  which  is  a  rim  sur- 
rounding the  orifice  or  port,  which  the  valve  is  to  close,  and  &om 

•r  to  ^  of  the  breadth  of  that  orifice,  while  the  remainder  extends 

to  a  distance  from  the  orifice  equal  to  the  diameter  of  the  valve,  in 
order  that  the  valve,  when  in  such  a  position  as  to  leave  the  port 
completely  open,  shall  still  have  every  part  of  its  face  in  contact 
with  the  seat. 

The  valve  is  of  such  dimensions  as  to  cover  the  port  together 
with  that  portion  of  the  seat  which  fonns  a  rim  surrounding  the 
port  The  face  of  the  valve  must  be  a  true  plane,  so  as  to  slide 
smoothly  on  the  seat;  and  in  large  slide  valves  consists  of  a  rim 
surrounding  that  central  part  of  the  valve  which  dii'ectly  closes  the 
orifice,  and  which  is  more  or  less  concave,  to  enable  it  the  better 
to  resist  the  pressure  which  acts  on  the  back  of  the  valve  when  it 
is  dosed. 

Very  large  slide  valves,  such  as  those  in  the  course  of  the  main 
water  pipes  of  large  towns,  are  strengthened  at  the  back  by  flanges 
or  ribs. 

The  valve  and  its  seat  are  contained  within  an  oblong  box  or 
case,  large  enough  to  permit  the  easy  motion  of  the  valve  within 
it,  and  usually  forming  an  enlargement  in  the  course  of  a  pipe. 
The  valve  rod,  by  means  of  which  the  valve  is  opened  and  shut, 
passes  out  through  a  stuffing  box;  or  instead  of  such  a  rod,  a 
valve  of  moderate  size  often  has  a  nut  fixed  to  it,  within  which 
works  a  screw  on  the  end  of  an  axle,  which  passes  out  through  a 
bush,  and  has  shoulders  within  and  without  to  prevent  it  from 
moving  longitudinally,  and  a  square  on  the  outer  end  on  which  the 
key  fits  that  is  used  in  turning  it 
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The  total  pressure  between  the  face  and  seat  of  a  slide  valve  is 
equal  to  the  total  area  of  the  valve,  multiplied  by  the  excess  of 
intensity  of  the  pressure  behind  it  above  the  pressure  in  fix)nt 
of  it. 

That  total  pressure  being  multiplied  by  the  co-efficient  of  friotion 
between  the  face  and  seat,  which  may  be  as  much  as  0*2  (see 
Article  13),  gives  the  resistance  of  the  valve  to  being  opened, 
which  is  almost  always  considerable.  For  the  double  purpose  of 
enabling  that  resistance  to  be  overcome  by  a  moderate  effort,  and 
of  preventing  the  shocks  which  would  arise  from  suddenly  closing 
the  valve  when  there  is  a  rapid  current  passing,  it  is  necessary 
that  the  valve  should  move  slowly  as  compared  with  the  driving 
point  of  the  apparatus  by  means  of  which  it  is  moved.  In  mode- 
rate sized  valves,  this  is  usually  provided  for  by  causing  them  to 
be  opened  and  shut  by  turning  a  screw,  as  already  described,  or 
by  moving  the  valve  rod  by  a  rack  and  pinion  of  suitable  dimen- 
sions. 

Large  slide  valves  are  sometimes  moved  by  attaching  the  valve 
rod  to  a  piston  contained  in  a  cylinder,  which  has  a  pair  of  supply 
pipes,  one  for  each  end,  bringing  water  £rom  the  main  pipe  behind 
the  vBlve,  and  a  pair  of  dischai^  pip^>  one  for  each  end,  leading 
to  the  main  pipe  in  front  of  the  vidve.  These  four  pipes  are  pro- 
vided with  suitable  cocks  or  valves  to  be  opened  and  diut 
by  hand;  and  thus  is  formed  a  small  water  pressure  engine,  by 
means  of  which  the  slide  valve  can  be  moved  either  way  when 
required.  * 

The  opening  and  shutting  of  a  very  large  slide  valve  is  sometimes 
facilitate  by  making  it  in  two  divisions — a  larger  and  a  smaller. 
The  smaller  division  is  opened  first  and  closed  last :  the  effect  of 
which  is,  that  it  alone  has  to  be  moved  against  the  resistance 
arising  from  the  greatest  difference  of  pressure  before  and  behind 
the  valve;  and  tibat  the  larger  division  has  only  to  be  moved 
against  the  resistance  arising  frx)m  the  pressure  corresponding  to 
the  loss  of  head  caused  by  the  contraction  and  subsequent  enlarge- 
ment of  the  stream  in  passing  through  the  smaller  division  of  the 
orifice;  as  to  which  see  Article  99. 

Rotaiing  slide  valves  are  sometimes  used,  in  which  the  valve  and 
its  seat  are  a  pair  of  circular  plates,  having  one  or  more  equal  and 
similfiir  orifices  in  them.  The  passage  is  opened  by  turning  the 
valve  about  its  centre  until  its  openings  are  opposite  to  those  of 
the  seat,  and  shut  by  turning  it  so  that  its  openings  are  opposite 
solid  portions  of  the  seat. 

Various  forms  of  slide  valve  peculiar  to  the  steam  engine  will  be 
described  under  the  head  of  that  class  of  prime  movers. 

121.  A  PitMB  Talve  is  a  piston  moving  to  and  frx>  in  a  cylinder, 
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whose  internal  surfaoe  is  the  valve  seal.  The  poH  is  formed  hy  a 
ling  or  zone  of  openings  in  the  cylinder,  conununicating  with  a 
passage  which  surronnds  it;  and  hj  moving  the  piston  to  eith^ 
side  of  these  openings,  that  passage  is  put  in  communication  with 
the  opposite  end  of  the  valve  cylinder.  Details  and  particular 
forms  of  the  piston  valve  will  be  Ulustrated  farther  on. 

122.  c*ckii. — ^This  term  is  sometimes  applied  to  all  valves  which 
are  opened  and  shut  by  hand,  but  its  proper  application  is  to  those 
valves  which  are  of  the  form  of  a  frustum  of  a  cone,  or  conoid, 
turning  in  a  seat  of  the  same  figure. 

In  the  most  common  form  of  cock,  the  seat  is  a  hollow  cone  of 
slight  taper,  having  its  axis  at  right  angles  to  the  pipe  in  whose 
course  it  occurs.  The  valve  is  a  cone  fitting  the  seat  accurately, 
and  having  a  transverse  passage  through  it  of  the  same  figure  and 
size  with  the  bore  of  the  pipe,  so  that  in  one  position  it  forms 
simply  a  continuation  of  the  pipe,  and  offers  no  obstruction  to  the 
current,  while  by  turning  it  into  different  angular  positions,  the 
opening  may  be  closed  either  partially  or  wholly.  A  screw  and 
washer  at  the  smaller  end  of  the  cock  serve  to  tighten  it  in  its  seat. 
**  Schiele's  curve'*  f  Article  14)  is  sometimes  used  for  cocka 

In  a  form  of  cock  much  used  for  fijre  plugs,  a  short  vertical  pipe 
rising  from  a  water  main  terminates  in  a  hollow  conical  frustum, 
tapering  slightly  upwards,  and  having  an  orifice  in  its  side  leading 
into  a  latentl  pipe.  Inside  the  hollow  cone  is  the  valve,  being 
another  cone,  also  hollow,  open  at  the  base,  closed  at  the  top,  and 
having  an  onfice  in  its  side  of  the  same  size  and  figure  with  that 
in  the  outer  cone.  This  inner  cone  is  pressed  upwards  into  the 
outer  cone  by  the  water  within  and  below  it,  which  tlius  tends  to 
keep  the  joint  between  the  cones  water-tight;  and  by  turning  the 
inner  cone  into  various  angular  positions,  the  lateral  orifice  can  be 
fully  opened,  or  partially  or  whoUy  closed. 

123.  Flexible  Tnbe  nad  l^JaphngM  TalTee. — A  clasS  of  valves 
has  lately  been  introduced,  in  which  an  india  rubber  or  gutta  percha 
pipe,  which  when  fully  open  is  cylindrical,  can  be  wholly  or  par- 
tially closed  by  pinching  it  as  if  in  a  vice,  by  means  of  a  screw. 

In  another  class  of  valves,  the  mouth  of  a  cylindrical  pipe,  from 
which  a  current  of  water  is  discharged,  has  opposite  to  it  a  flexible 
circular  diaphragm  of  india  rubber,  of  larger  diameter  than  the 
pipe,  fixed  at  the  edges  at  such  a  distance  from  the  pipe  as 
to  leave  a  sufficient  passage  for  the  fluid  between  the  edge  of 
the  pipe  and  the  face  of  the  diaphragm.  Behind  the  diaphragm 
is  a  round,  slightly  convex  stopper  or  plug,  which,  when 
pushed  forward  by  means  of  a  screw,  presses  the  diaphragm 
tightly  against  the  mouth  of  the  pipe,  and  so  closes  the 
passage. 


1 

i 


FLUKOI3t--ITS  LOAD.  127 


SscnoN  3. — PUmgerSy  Pistons^  and  Packing  of  Water  Pressv/re 

Engines, 

124.  A  Planfer  is  a  metal  cylinder,  closed  at  the  ends,  and  aocn- 
ratelj  turned  on  the  cylindrical  surface,  which,  in  a  single  acting 
pump  or  water  pressure  engine,  acts  at  once  as  piston  and  as  piston 
rod^  oy  having  a  reciprocating  motion  in  a  cylinder.  The  internal 
diameter  of  t£e  cylinder  is  larger  than  that  of  the  plunger  by  an 
amount  sufficient  to  prevent  their  touching.  Kound  the  circular 
aperture  through  which  the  plunger  works  is  a  water-tight  "  cupped 
leather  collar,"  to  be  described  in  the  next  Article.  A  section  of 
a  cylinder  showing  a  plunger  working  in  it  is  given  in  fig.  37,  a  few 
pages  farther  on. 

The  area  of  the  transverse  section  of  the  plunger,  and  not  that  of 
the  cylinder  in  which  it  works,  is  to  be  used  in  computing  the  effort 
exerted  by  the  pressure  of  the  water  upon  it 

The  weight  of  a  plunger  is  often  made  considerable,  and  some- 
times a  load  also  is  placed  upon  it,  in  order  that  energy  may  be 
stored  in  lifting  it,  and  restored  when  it  descends. 

To  exemplify  the  mode  of  adjusting  the  weight  and  load  of  the 
plunger  for  that  purpose,  let  W  denote  the  gross  weight  of  the 
plunger  and  load  of  a  single  acting  water  pressure  engine,  which  is 
to  be  adjusted  in  such  a  manner  that  the  useful  resistance  overcome 
during  the  ascent  and  descent  of  the  plunger  shall  be  equal  Let 
Bd  denote  that  useful  resistance. 

Let  Pj  be  the  eflfective  effort  of  the  water  on  the  plunger  during 
the  up  stroke;  Pg,  if  positive,  the  excess  of  the  effort  of  the  atmo- 
sphere above  the  resistance  from  back  pressure  of  the  water  during 
l^e  down  stroke.  If  the  latter  quantity  is  the  greater,  P2  becomes 
negative,  and  its  sign  must  be  reversed  in  the  following  equations 
(see  Article  110)  : — 

Let  R^  be  the  Motion  during  the  up  stroke,  and  Bj  during  the 
down  stroke.  (As  to  the  friction  of  the  collar,  see  the  next  Article.) 
Then,  during  the  up  stroke,  when  W  is  a  resistance, 

B,  =  Pi  -  El  -  W; (1.) 

and  during  the  down  stroke,  when  W  is  an  effort, 

Bo  =  Pg  -  R,  +  W; (2.) 

then  subtracting  (1)  from  (2),  aad  dividing  by  2,  we  find, 

yif  «,  Pjt  --  B^  -  Pg  4-  Rg .g. 
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125.  The  Copped  l^cather  Collar  through  which  a  plunger  works 
is  shown  in  section  on  a  small  scale  in  fig.  87,  farther  on,  and  on  a 
larger  scale  in  fig.  38.  It  resembles  in  shape  an  inverted  annular 
channel  j  and  is  lodged  in  an  annular  recess  surrounding  the 
plunger.  Its  hollow  channel  is  turned  towards  the  inside  of  the 
cylinder;  and  the  water,  tending  to  enlarge  that  channel,  presses 
its  outer  side  against  the  recess,  and  its  inner  side  against  the 
plunger,  and  so  keeps  a  water-tight  joint. 

The  friction  between  a  plunger  and  its  leather  collar  is  given 
approximately  by  the  following  formula :  let  d  be  the  diameter  of 
the  plunger,  in  inches;  p,  the  pressure,  in  lbs.  on  the  square  inch; 
R',  the  friction,  in  lbs.,  then 

B:=/pd. 

According  to  Mr.  William  More's  experiments, /=  about  1'2  x 
the  depth  of  bearing  surface  of  the  collar;  and  the  friction  is, 
roughly,  one-tenth  of  the  load  in  ordinary  cases;  according  to  Mr. 
John  Hick's  experiments, /ranges  from  '05  to  •03. 

126.  i^cAther  Packed  PiMan. — ^A  piston  is  distinguished  from  a 
plunger  by  accurately  fitting  the  cylinder  in  which  it  works,  so  as 
to  be  water-tight,  and  by  being  of  no  greater  thickness  than  is 
necessary  to  make  it  water-tight.  It  is  attached  to  a  rod,  strong 
enough  to  transmit  the  effort  that  acts  on  it  to  the  mechanism 
which  it  drives  (see  Articles  61,  71).  The  water  acts  on  one  fiioe 
of  the  piston,  or  on  both^  according  as  the  engine  is  single  acting 
or  double  acting. 

When  the  water  acts  on  that  side  of  the  piston  from  which  the 
rod  extends,  the  cylinder  cover  has  a  stuffing  box  in  its  centre, 
through  which  the  rod  works;  and  the  opening  is  made  watei>tight 
by  a  leather  collar,  as  already  described,  or  by  hempen  packing. 

In  computing  the  effort  exerted  by  the  water  on  that  side  of  the 
piston  from  which  the  rod  extends,  the  sectional  a/rea  of  the  rod  is 
to  be  dediicted  from  the  a/rea  of  ike  piston;  in  other  words,  the 
effective  area  of  the  piston  on  Uiat  side  is  less  than  the  total  area 
in  the  ratio 

where  d'  is  the  diameter  of  the  rod,  and  d  that  of  the  piston. 

When  the  puston  is  to  be  packed  by  means  of  leadier,  its  disc, 
which  fits  the  cylinder  easily  (and  to  which  the  rod  is  firmly 
attached  by  a  screw,  or  a  screw  and  nut,  or  a  key),  is  made  slightly 
concave  on  the  upper  and  under  faces;  then  on  each  of  those  faces 
is  placed  a  leather  ring,  shaped  somewhat  like  a  saucer  with  a  hole 
in  the  centre,  and  having  its  edge  turned  up  all  round  so  as  to  press 
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flat  against  the  inside  of  the  cylinder  for  a  breadth  of  an  inch,  or 
an  inch  and  a-half,  or  thereabouta  The  edges  of  those  leather 
rings  are  thus  turned  opposite  ways,  that  of  the  upper  ring  upwards, 
arid  that  of  the  lower  ring  downwards.  Each  of  the  rings  is  held  in 
its  place  by  a  round  saucer-shaped  guard  or  piston  cover,  bolted  or 
screwed  to  the  body  of  the  piston. 

The  friction  of  such  pistons,  like  that  of  plungers,  is  found  to  be 
about  one-tenih  of  the  effort  of  the  water. 

A  piston,  like  a  plunger,  may  be  loaded  for  the  purpose  of  storing 
energy,  and  according  to  the  same  principles. 

127.  Hempen  PackiBg. — The  boidy  of  a  piston  which  is  to  be 
packed  with  hemp  is  from  two  to  four  inches  less  in  diameter  than 
the  cylinder  in  which  it  is  to  work ;  and  its  depth  is  about  one-sixth 
of  the  diameter  of  the  cylinder.  It  bulges  a  little  at  the  middle  of 
its  depth.  Kound  its  base  there  projects  a  horizontal  flange,  whose 
rim  fits  the  cylinder  easily.  Above  that  flange  and  round  the  body 
of  the  piston  is  wrapped  the  packing,  consisting  either  of  loose 
hemp^  or  of  a  soft  loosely  spun  hempen  rope,  called  "gasket," 
soaked  with  grease.  Above  the  packing  is  a  ring  of  the  same  size 
and  figure  with  the  flange,  for  pressing  the  packing  down,  and 
causing  it  to  fit  tightly  in  the  cylinder.  This  "junk-ring"  is  held 
down  and  can  be  moved  towards  the  flange  so  as  to  compress  the 
packing  when  required,  by  means  of  screws. 

The  stuffing  box  of  a  piston  rod  is  packed  with  hemp  in  a  similar 
manner,  the  hemp  being  pressed  down  and  made  to  fit  tightly  round 
the  piston  rod  by  means  of  the  stuffing  box  cover  and  its  bolts  or 
screws. 

Section  4. — OfHydrardic  Presses  cmd  Hoists, 

128.  The  HydranUc  Prew  is  Supplied  with  water  ^m  an  arti- 
ficial source,  as  stated  in  Article  97,  and  is  therefore  not  a  prime 
mover,  but  a  piece  of  mechanism  for  conveniently  applying  the 
energy  of  the  muscular  power,  or  steam  power,  by  which  its  supply 
pumps  are  worked.  It  is  described  here  first  on  accoimt  of  its 
exemplifying  in  a  simple  form  various  parts  which  enter  into  water 
pressure  engines  generally. 

Fig.  36  is  an  elevation  of  a  hydraulic  press  supplied  by  a  hand 
forcing  pump ;  fig.  37  is  a  vertical  section  of  the  cylinder  and 
pump ;  and  fig.  38  represents  the  plunger  collar  :  these  figures  have 
already  been  referred  to  in  Articles  124,  125.  Fig.  39  is  the 
safety  valve,  differing  from  that  previously  shown  in  Article  113 
only  in  being  so  small  that  the  spindle  is  of  as  great  diameter  as 
the  valve. 

A  is  the  press  cylinder,  made  thick  enough  to  resist  the  pressure, 
according  to  the  principles  of  Article  64.     The  bottom  diould  ba 

K 


WATER  POWER  AXD  WIND  POWER. 


segment&l  or  hetnigpherical,  not  flat   B  is  the  plnnger ;  Q  ita  collar 
(see  Articles  124,  125);   C  a  plate  carried  oa  the  haul  of  the 


plunger ;  D  the  upper  plate  of  the  press ;  E  atandards  guiding  the 
motion  of  the  plate  C,  and  strong  enough  to  resiet  a  working  ten- 
Bion  equal  to  the  force  to  be  exerted  hy  the  plunger.     F  is  the  - 
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pump  cylinder,  I  its  plunger,  and  K  a  gaide  for  the  plunger  rod. 
G  is  the  pump  handle;  H  and  H'  are  two  altematiye  centres,  about 
either  of  which  it  can  be  made  to  work,  so  as  to  give  a  greater  or  a 
less  leverage  as  required.  L  is  the  supply  pipe  of  the  press  cylinder, 
through  which  water  is  forced  into  it  by  the  pump.  It  contains  a 
self-acting  clack,  N,  opening  towards  the  press  cylinder,  to  prevent 
the  return  of  water  towards  the  pump.  M  is  the  supply  valve  or 
suction  valve  of  the  pump,  being  a  clack  opening  upwards;  O  is 
the  safety  valve,  P  its  weight;  R  the  escape  valve  or  discharge 
valve,  being  a  conical  plug  worked  by  means  of  a  screw,  kept  shut 
while  the  plunger  is  being  raised,  and  opened,  so  as  to  let  the  water 
escape  from  the  press  cylinder,  when  the  plunger  is  to  be  allowed 
to  descend  by  its  weight.  The  discharge  pipe,  leading  from  this 
valve  to  a  tank  from  which  the  ptunp  draws  its  water,  is  the  tail 
race  of  the  machine. 

The  following  formulie  relate  to  the  efficiency  of  the  hydraulic 
press,  and  show  how  to  compute  the  force  and  the  energy  required 
to  work  it. 

Let  R  be  the  useful  resistance  to  be  overcome  by  the  plunger  in 
rising,  and  v  the  velocity  with  which  it  is  to  rise  in  feet  per  second. 
Then  the  useful  work  per  second  is 

B.V (1.) 

Let  "W  be  the  weight  of  the  plunger;  then  R  +  W  is  the  grass 
load  of  Idle  plunger.  To  this  has  to  be  added,  for  friction,  a 
quantity  estimated  by  the  formula  of  Article  125,  so  that  the  effort 
of  the  water  on  the  plunger  is  nearly 


P  =  (R  +  W)(l+-^) (2.) 


A  being  the  area,  and  d  the  diameter  of  the  plunger.  Then 
the  intensity  of  the  effective  pressure  of  the  water  in  the  press 
cylinder  ought  to  be 


,.pji-)(,./_^) <,, 


in  pounds  on  the  square  foot  or  square  inch,  according  as  A  is  in 
square  feet  or  square  inches. 

Let  a'  be  the  sectional  area  of  the  supply  pipe  L;  then  — y 

a 

is  the  velocity  with  which  the  water  flows  through  that  pipe ;  and 

v^  A2 

rr 3L  the  height  due  to  that  velocity. 

2ga'^  °  ^ 
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Let  2  •  F  be  the  sum  of  the  various  factors  of  resisitance  due  to 
the  length  and  diameter  of  that  pipe,  and  the  several  bends,  knees, 
contractions,  enlargements,  and  other  causes  of  resistance  which 
occur  in  its  course,  computed  according  to  the  principles  of  Article 
99.  The  head  due  to  the  velocity  of  the  current  in  the  pipe  is  lost 
owing  to  the  sudden  enlargement  of  the  channel  in  entering  the 
cylinder.     Hence  the  loss  of  head  in  the  pipe  is 

*=<i  +  2-*^^* (*•) 

Let  p'  =zD  hhe  the  pressure  equivalent  to  this  loss  of  head.    Then 

P+P' (5.) 

is  the  pressure  in  the  pump;  and  if  a  be  the  area  of  the  pump 
plunger, 

aip+p") (6.) 

A,  V 
is  the  effort  to  be  exerted  by  it  on  the  water,  with  a  velocity ; 

so  that  the  energy  exerted  per  second  by  the  pump  plunger  on  the 
water  is 

vAip+p") (7.) 

To  this  has  to  be  added  an  allowance  for  the  friction  of  the 
pump,  which,  as  it  includes  not  only  the  friction  of  the  plunger 
collar,  but  that  of  the  mechanism  and  valves,  may  be  estimated  at 
about  one-fifth  of  the  effort  on  the  water;  giving  for  the  whole 
energy  expended  per  second, 

Ua(p+p') (8.) 

u 

Comparing  this  with  the  expression  (1)  for  the  useful  work,  it 
appears  that  the  efficiency/  of  the  machine  is 

g.         R        (9) 

Let  n  be  the  ratio  of  the  velocity  of  the  pump  handle  to  that  of 
the  pump  plunger;  then 

-T- (10.) 
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is  the  effective  wHociiy  of  the  pump  handle,  reckoning  down  strokes 
only,  an4 

5n        ^^^'^ 

is  the  effort  required  there.  The  effort  which  would  have  been 
required,  had  there  been  no  friction  and  no  loss  of  head,  and  no 
losui  except  the  useful  load,  would  have  been 

a  R 

^^ 02.) 

being  less  than  the  actual  effort  (11)  in  the  same  proportion  in 
which  the  efficiency  (9)  is  less  than  unity. 

In  order  to  produce  a  continuous  current  of  water  into  the  press 
cylinder,  there  are  sometimes  a  pair  of  pumps  having  their  plungers 
connected  to  the  opposite  arms  of  a  lever  with  two  arms  of  equal 
length,  so  as  to  perform  their  down  strokes  alternately.  At  the 
end  of  each  arm  of  the  lever  is  a  cross  bar  for  the  workmen  to  lay 
hold  of. 

When  the  pumps  are  worked  by  a  steam  engine,  it  is  usual  to 
have  a  set  of  three,  with  their  plungers  respectively  connected  with 
three  cranks  on  one  shaft,  making  angles  of  120°  with  each  other. 
Let  8  be  the  Lsngth  of  stroke  of  one  of  them,  a  the  area  of  its 
plunger,  T  the  number  of  revolvUona  made  by  the  shaft  in  a  second ; 
then,  as  the  quantity  of  water  required  per  second  is  v  A,  we  must 
have 

^Ta8z=v  A (13.) 

The  hydraulic  press  may  be  worked  by  water  from  a  natural 
source;  in  which  case  the  waste  of  energy  owing  to  the  friction  of 
the  pump  disappears,  and  the  efficiency  becomes  simply 

'  j^{p+py (^^-^ 

the  flow  and  total  head  required  to  drive  the  machine  being 
respectively 

Q  =  vA (15.) 

H=^^' ■ (16.) 


129.   Water  PrcMare  0olst»  and  PqrcbasM. — The  simplest  water 

pressure  hoist  is  a  hydraulic  press,  having  on  the  top  of  its  press 
plunger  a  cross-head,  fr^m  the  ends  of  which  hang  chains  for  lifting 
a  load.  Such  was  the  apparatus  used  in  raising  the  girders  of  the 
Britannia  Bridga 
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For  this  machine,  R,  in  the  equations  of  the  preceding  Article^ 
represents  the  load  to  be  lifted^  and  W  the  weight  of  the  plunger, 
cross-head,  and  chains. 

To  a  similar  class  belongs  the  water  pressure  hoist  or  purchase 
invented  by  Mr.  Miller  for  dragging  ships  up  the  inclined  plane  of 
'^  Morton's  slip."  In  this  machine  the  press  cylinder  is  placed  at 
the  upper  end  of  the  inclined  plane,  and  at  an  inclination  equal  to 
that  of  the  plane;  and  the  tractive  force  is  exerted  upon  the  chain 
which  drags  the  vessel  either  by  a  plunger  with  a  cross-head,  or  by  a 
piston  with  a  piston  rod  passing  through  a  stuffing  box  in  the  bot- 
tom of  the  cylinder;  the  effective  area  of  piston  A  in  the  latter  case 
being  the  total  area  less  than  the  sectional  area  of  the  piston  rod 

Let  i  denote  the  angle  of  inclination  of  the  slip ; 

fy  a  co-efficient  of  friction,  whose  value  is  about*  rr; 

Wj,  the  weight  of  the  ship ; 

B^,  her  total  resistance  to  being  dragged  up  the  slip ;  then 

Ri  =  Wi  (sin  %  +/cofl  t) (1.) 

and  if  V  be  the  velocity  with  which  she  is  to  be  dragged,  the  usejtd 
work  per  second  is 

Ri» (2.) 

Let  Wg  be  the  weight  of  the  cradle,  chains,  piston  or  plunger, 
and  every  additional  weight  which  moves  along  with  them;  tJbieu 
the  resistance 

Rj  +  E,  =  (Wi  +  Wg)  (sin  t  -f/cos  t) (3.) 

is  to  be  substituted  for  R  +  W  in  equations  2,  3,  and  9,  of  Article 
128,  when  the  formulae  of  that  Article  will  all  become  applicable 
to  the  machine  now  in  question. 

130.  Watcv  Prcwmre  Ca«e  H«ist.  —  A  water  pressure  hoist  for 
raising  and  lowering  a  cage  containing  mineral  wagons,  or  other 
heavy  bodies,  consists  essentially  of  the  following  parts  : — 

I.  IL  III.  A  frame,  carrying  pulleys,  a  cham  passing  over  the 
pulleys,  and  a  cage  hung  to  one  end  of  the  chain,  as  already 
described  for  a  bucket  hoist  in  Article  101. 

IV.  A  vertical  or  nearly  vertical  hoist  cylinder,  firmly  fixed  to 
one  side  of  the  frame,  and  having  a  leather  packed  piston  (Article 
1 26)  with  a  piston  rod  passing  upwaixls  through  a  stuffing  box  in 
the  cylinder  cover.  The  upper  end  of  the  piston  rod  carries  a  pulley, 
usually  about  thirty  or  thirty-six  inches  in  diameter.  The  chain 
is  carried  under  this  pulley,  and  its  end  made  fast  to  the  top  of 
the  frame ;  the  effect  of  which  is,  that  the  velocity  of  the  piston  is 
one-half  of  that  of  the  cage ;  and  the  length  of  stroke  of  the  piston 
Li  one-half  of  the  lift. 


\ 
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Y.  The  supply  pipe  of  the  hoist  cylinder;  having,  near  the  hoist 
cylinder,  its  r^olator,  which  is  a  screw  slide  valve,  opened  and 
shut  by  hand. 

VL  The  discharge  pipe  of  the  hoist  cylinder,  having  also  its 
screw  slide  valve.     As  to  relief  d^icksy  see  Article  134  A. 

VIL  The  store  cylinder,  from  which  the  supply  pipe  of  the  hoist 
cylinder  comes,  resembles  a  hydraulic  press,  with  its  collared 
plunger.  It  is  destined  to  contain  a  reserve  of  water  to  supply  the 
hoist  when  it  is  occasionally  worked  so  rapidly  as  to  expend  water 
faster  than  the  source  can  supply  it.  The  store  cylinder  is  re- 
plenished with  water  from  the  source  in  the  intervals  when  the 
hoist  is  standing  idle.  The  plunger  of  the  store  cylinder  is  loaded 
with  a  weight  corresponding  to  the  pressure  required.  The  same 
store  cylinder,  if  large  enou^,  may  answer  for  several  hoists. 

The  store  cylinder  may  also  be  made  like  a  hydraulic  press 
inverted,  the  plunger  being  fixed,  and  standing  on  a  firm  founda- 
tion, with  the  supply  and  disbharge  pipes  traversing  it;  and  the 
cylinder  being  moveable,  with  its  collared  end  downwards,  and  its 
closed  end  upwards,  and  a  sufficient  weight  placed  upon  it. 

"VIIL  The  supply  pipe  of  the  store  cylinder. 

IX.  The  source,  which  may  be  an  elevated  reservoir,  or  a  water 
work  main  giving  a  sufficient  flow  and  pressure,  but  which  is 
much  nlore  frequently  artificial,  being  a  set  of  forcing  pumps 
worked  by  a  steam  engine,  as  described  in  Article  128. 

The  following  ai*e  the  formulae  applicable  to  machines  of  this  kind. 

Let  Rj  be  the  useful  load  to  be  lifted,  s-^  the  height  to  which  it 
is  to  be  lifted  in  the  time  t  with  the  velocity  t;^  =  ^^  -r  t ;  then  the 
useful  work  per  second  is 

Ri«r (1-) 

An  ordinary  value  of  v^  is  one  foot  per  second. 

For  a  first  rough  estimate  of  the  power  required  to  produce  this 
efiect,  the  efficiency  of  the  whole  machine  may  be  taken  approxi-. 

2 

mately  at  - ;  so  that  the  energy  expended  per  second  will  be 

3 
DQH  =  -Rit;i,  wfiarty (2.) 

The  object  of  making  this  rough  estimate  is  to  fix  the  size  of  the 
hoist  cylinder.  If  the  source  is  a  reservoir  or  a  water  work  pipe, 
the  total  head  H  is  in  general  fixed ;  if  the  source  is  artificial, 
there  are  in  most  cases  reasons  which  fix  a  limit  to  H  ;  it  is  seldom, 
for  example,  desirable  to  exceed  500  or  600  feet.  The  value  of  H 
having  been  fixed  approximately,  we  have  for  the  flow  of  water  per 
second  while  the  cage  is  being  lifted — 
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3^j^i  (3.) 

^      2DH'  ^  ^ 

and  for  the  flow  per  stroke  of  the  hoist,  which  is  the  effective 
volume  of  the  hoist  cylinder — 


Aj  being  the  effective  (vrea  of  the  piston;  that  is,  the  excess  of  the 
area  of  the  piston  above  that  of  the  piston  rod ;  and  ^^  -^  2  its 
length  of  stroke,  so  that 

^i=ir~DH ^^^ 

When  H  is  limited  to  500  feet,  the  piston  rod  may  be  made  one- 
flftieth  of  the  area,  or  about  one-seventh  of  the  diameter,  of  the 
piston;  so  that  we  shall  have  in  that  case — 


V50  •  A  

Let  Wj  be  the  weight  of  the  cage ;  then 

Ki  +  Wi (7.) 

is  the  tvorkmg  tension  on  the  chain;  and  six  times  this  should  be* 
the  ultimate  strength  of  the  chain.  Let  Wg  be  the  weight  of  the 
chain  and  pulleys ;  then 

=^-5^+5 («•) 

will  be  very  nearly  the  friction  of  the  mechanism. 

Inasmuch  as  by  the  tackle  used,  the  velocity  of  the  piston  is 
half  that  of  the  chain,  we  shall  have  for  the  tension  on  the  piston 
rod — 

2(im-ig; (9.) 

to  which  adding  one-tenth  for  the  friction  of  the  piston  and  rod, 
we  find  for  the  ^ort  p  A,  and  intensity  of  pressiJtre  jp,  exerted  by 
the  water  on  tlie  piston — 

pA  =  ^^(R,  +  ^. 

22.11,  +  E, 
^  ■"  10        Ai      • 

The  loss  of  head  by  the  resistance  of  the  supply  pipe,  and  the 
corresponding  pressure,  are  found  as  in  equation  4  of  Article  128, 


(10.) 
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"With  due  attention  to  the  formulae  of  Article  99.     Lot  />'  be  the 
pressure  so  found.     Then 

p+p' (11) 

is  the  pressure  in  the  store  cylinder  vrhen  its  plunger  is  faUing. 

Let  A2  be  the  area  of  the  plunger  of  the  store  cylinder,  to  be 
fixed  in  a  manner  which  will  be  afterwards  explained;  and  d^  its 
diameter.     Then,  adding  the  friction  of  the  collar,  we  have — 

(;»+/)  (Ag  +fd^ (12.) 

for  the  gross  load  of  Hie  store  cylinder  plunger ,  including  its  own 
weight. 

The  pressure  in  the  store  cylinder  wheri,  its  plunger  is  rising  is 


(l+-^)(P+P') (13.) 


and  v/ot  07dy  the  store  cylinder  hut  the  hoist  cylinder  cmd  supply  pipe 
ought  to  have  their  strength  adapted  to  this  working  pressure,  by 
making  their  bursting  pressure  six-fold,  and  using  the  rules  of 
Article  64. 

Let  p"  be  the  pressure  due  to  the  resistance  of  the  supply  pipe 
leading  from  the  source  to  the  store  cylinder ;  then 

D  Hi  =pi  =  (1  -^f^^)  {p+ii)  ^-f (U.) 

is  the  pressure  corresponding  to  the  total  head  required  at  the 
source,  natural  or  artiiiciaL  Should  the  head  H^  calculated  by  this 
formula  prove  greater  than  the  head  H  originally  assumed,  the 
supply  pipes  should  be  made  larger,  so  as  to'  diminish  their  resist- 
ance until  Hj  does  not  exceed  H.  As  to  this,  see  Article  108. 
Then  the  energy  expended  by  the  water  for  each  second  that  the 

hoist  works  is    *  n      T\f\Tj  /i«:\ 

;>iQ=:DQHi, (15.) 

and  the  efficiency  of  the  fall  of  water  is 

^'l' (16.) 

If  the  source  is  artificial,  the  work  lost  in  overcoming  the  fric- 
tion of  the  pumps  or  other  mechanism  used  in  producing  it  is  to  be 
added  to  p^  Q  in  estimating  the  whole  energy  expended  per  second 
of  working  of  the  hoist  and  the  resultant  efficiency  of  the  entire 
machine. 

A  single  store  cylinder  and  a  single  source  or  set  of  pumps  may 
supply  either  one  hoist  or  several     To  find  the  rate  of  flow  from 
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the  pumps  or  other  source  into  the  store  cylinder,  ascertain  the 
length  of  the  inteiTal  during  which  the  hoists  usually  stand  idle, 
and  add  to  it  the  length  of  the  following  interval  during  which 
they  are  at  work.  Let  T  be  the  number  of  seconds  in  the  whole 
period  so  found ;  and  of  these  seconds  let  T,  be  the  number  of 
seconds  during  which  any  hoist  is  rising,  and  Q  the  quantity  of 
water  it  requires  per  second  while  rising.  Then  sunmiing  the 
quantities  for  all  the  hoists — 

2-QTi (17.) 

is  the  quantity  of  water  required  in  each  period  of  T  seconds ;  so 
that  the  uniform  rate  of  flow  from  the  source  into  the  store 
cylinder  should  be 

Qi  =  ^^-^; (18.) 

giving  for  the  uniform  power  of  the  £Edl,  in  foot-pounds  per  second, 

I>  Qi  Hi- 

The  capacity  abeclutdy  necessary  for  the  store  cylinder  is 

«iAs  =  2QTi-Q2-  T^ (19.) 

(«2  being  its  length  of  stroke) ;  but  it  is  in  general  advisable  to 
make 

*j  A^  =  2  •  Q  Ti (19  A.) 

In  the  preceding  description,  the  chain  tackle  is  supposed  to  be 
so  arranged  that  the  velocity  of  the  hoist  cylinder  piston  is  one- 
half  of  that  of  the  cage;  but  any  required  velocity-ratio  can  be 
given  by  suitably  arranged  fixed  and  moving  pulleys.  This  com- 
bination in  mechanism  of  chain-and-pulley  tackle,  with  hydraulic 
connection,  w^as  first  introduced  by  Sir  William  Armstrong,  who 
has  applied  it  not  only  to  hoists  but  to  cranes  and  various  other 
machines.  (See  Trane.  of  the  Inst,  of  Mechanical  Engineers^  Aug., 
1858.) 

Section  5. — Of  Self-Acting  Water  Pressure  Engines. 

131.  OcBciai  DescripcioB. — ^Wheu  a  ^' water  pressure  engine"  Ls 
spoken  of  without  qualification,  it  is  generally  a  self-acting  water 
pressure  engine  that  is  meant;  that  is,  an  engine  which  differs 
from  a  mere  press,  hoist,  or  crane,  in  having  distributing  valves  for 
regulating  the  supply  and  discharge  of  the  water,  which  are  moved, 
directly  or  indirectly,  by  the  engine  itself;  so  that  it  is  a  machine 
having  a  periodical  motion,  which  motion  having  once  been  made 
to  commence,  goes  on  of  itself  until  it  is  stopped,  either  by  shutting 
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the  tlirottle  valve  and  so  stopping  the  supply  of  water,  or  by  dis- 
engaging or  otherwise  stopping  the  valve  motion. 

The  distributing  valves  are  in  general  of  the  piston  valve  kind 
(Article  121),  and  worked  by  a  small  auxiliary  water  pressure 
engine. 

Inasmuch  as  the  friction  of  water  in  passages  varies  as  the  square 
of  the  velocity,  and  the  work  performed  in  overcoming  it  a^  the 
cube  of  the  velocity  (other  things  being  equal), — ^and  inasmuch  as 
the  velocity  for  a  given  flow  of  water  varies  inversely  as  the  area  of 
the  passage : — ^it  is  favourable  to  the  efficiency  of  a  water  pressure 
engine,  which  is  to  perform  useful  work  at  a  given  rate,  that  its 
dimensions  should  be  made  as  large  and  its  movement  as  slow 
Hs  is  consistent  with  due  economy  of  first  cost  in  each  particular 
case. 

It  is  also  favourable  to  efficiency  that  the  stroke  of  the  piston 
should  be  long,  for  the  i*eversal  of  its  motion  is  seldom  unaccom- 
panied by  shock;  and  at  each  such  reversal  the  position  of  the 
valves  hais  to  be  altered;  both  of  which  cause  loss  of  work. 

The  most  advantageous  use,  therefore,  to  which  a  water  pressure 
engine  can  be  applied  is  the  pumping  of  water,  to  which  slow 
motion  and  a  long  stroke  are  well  adapted,  because  they  are 
favourable  to  efficiency,  not  only  in  the  engine  but  in  the  pump 
which  it  works. 

Nevertheless,  in  situations  where  a  large  supply  of  water  at  a 
high  pressure  can  easUy  and  cheaply  be  obtained,  water  pressure 
engines  have  been  used  with  advantage  where  considerable  speed 
is  requisite,  as  in  driving  rotating  machinery.  Various  engines 
of  this  kind  have  been  designed  and  executed  by  Sir  William 
Aimstrong. 

The  whole  of  the  mathematical  principles  which  apply  to  water 
pressure  engines  have  been  explained  in  the  preceding  sections  of 
this  chapter. 

Their  resultant  efficiency,  as  ascertained  by  practical  experience, 
is  stated  by  diflerent  aiithoiities  at  values  ranging  from  0'6d  to 
0'8.  The  variations  probably  arise  chiefly  from  differences  in  the 
resistance  of  the  passages  traversed  by  the  water,  and  perhaps  also 
to  some  extent  from  errors  in  the  mode  of  calculating  the  quantity 
of  water  used. 

In  estimating  the  probable  efficiency  of  any  proposed  water 
pressure  engine,  the  lowest  value  of  the  efficiency,  viz.,  0*66,  is  of 
course  the  safest  to  assume  as  a  rough  estimate ;  but  a  closer 
approximation  may  be  obtained  by  making  a  calculation  according 
to  the  method  already  exemplified  in  detail  in  Articles  128  and 
130 ;  that  is,  commencing  with  the  resistance  of  the  useful  work 
and  the  velocity  of  the  piston,  and  computing  in  their  order  all  the 
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di5«T«nt  prejudicial  resifltances  to  be  overcome,  and  the  quantitioa 
of  work  to  be  performed  in  overcoming  tbem. 

132.      MBfl*    ««(!■■    Waler     Prewar*    ■■■!■«.  —  The     example 

choaen  to  illuatmto  this  kind  of  water  pressure  eugiue  is  a  mine 
pumping  engine,  designed  hj  M.  Junker,  as  described  hj  Mr. 
Delaunay.  It  resembles  in  many  reepecta  the  pumping  engines 
of  Mr.  Darlington. 

Fig.  40  is  a  complete  vertical  section  of  the  engine,  during  tho 
inductian,  or  admission  of  the  water  to  the  cylinder. 
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Fig.  41  is  a  vertical  section  of  the  valve  ports  and  passages 
during  the  edvctttm,  or  discliarge  of  water  from  the  cylinder.  Both 
figures  are  lettered  alike. 

A  is  the  main  piston,  which  lifts  the 
pump  plunger  rod  hj  means  of  a  rod  tra- 
versing the  bottom  of  the  main  cylinder 
BB. 

C  is  the  supply  pipe,  and  U  its  throttle 

D  is  the  valve  port,  consisting  of  a  pipe 
connecting  the  bottom  of  the  cylinder  with 
an  annular  passage  surrounding  the  valve 
cylinder,  aa  already  described  in  Article 
131. 

E  is  the  piston  valve. 

G  the  discharge  pipe,  and  V  its  throttle 

When  E  ia  below  D,  as  in  fig.  40,  D  , 
communicates  with  C,  and  water  is  ad- 
mitted into  the  cylinder  to  raise  the  main 
piston.  When  E  ia  above  D,  as  in  fig. 
41,  D  communicates  with  G,  and  the  water 
ia  disehai^ed  from  the  cylinder  during  the 
descent  of  the  main  piston.  The  piston 
valve  E  ia  notched  at  the  edges,  in  the 
manner  shown  in  the  figure,  in  oi-der  that 
the  oj>ening  and  closing  of  the  port  may 
take  place  by  degrees — the  water  flow-  < 
ing  partially  through  the  notches  for 
a  short  time  before  and  after  the  edge 
of  the  piston  arrives  at  the  edge  of  the 
ports. 

The  valve  cylinder  consists  of  two  parts  of  unequal  diameter, 
the  upper  being  the  larger.  In  the  lower,  or  smaller  part,  the 
piston  valve  E  works.  In  the  upper,  or  larger  part,  wholly  above 
the  supply  pipe,  works  the  eounier-pistmi  ¥ ;  this  being  larger  than 

E,  and  fixed  to  the  same  rod,  the  pressure  of  the  water  between  E 
and  F  teuds  to  raise  them  both.  The  upper  aide  of  F  is  provided,  if 
necessary,  with  a  rod,  or  a  "truni"  (that  is,  a  hollow  piaton  rod), 
passing  through  a  stuffing  box  in  the  top  of  the  valve  cylinder. 
The  use  of  this  is  to  diminish  the  effective  area  of  the  upper  side  of 

F,  BO  that  it  shall  not  be  more  than  b  requisite  to  enable  the 
pressure  of  the  water,  when  admitted  through  the  port  I  into  the 
space  above  F,  to  overcome  the  friction  of  the  piston  valve  and  its 
appendages,  together  with  the  excess  of  the  pressure  on  the  lower 
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side  of  F  above  the  effective  pressure  on  E.  The  sectional  area  of 
this  rod  or  trunk,  therefore,  should  be  about  as  much  less  than  the 
area  of  £  as  the  area  of  £  is  less  than  the  whole  area  of  F. 

H  is  the  supply  pipe  and  M  the  discharge  pipe  of  the  part  of  the 
valve  cylinder  above  the  counter-piston,  which,  with  its  cylinder, 
forms  an  auxiliary  engine  to  work  the  valve  of  the  principal 
engine.  K  is  the  piston  valve  of  this  auxiliary  engine,  which 
r^^lates  the  admission  and  dischaige  of  the  water  through  the 
port  I,  exactly  as  the  main  piston  valve  £  regulates  the  admission 
and  discharge  of  the  water  through  the  port  D  of  the  main 
cylinder.  L  is  a  phmger  of  the  same  size  with  K,  and  fixed  to  the 
same  rod,  in  order  tliat  the  pressure  of  the  water  in  the  space 
between  K  and  L  may  not  tend  to  move  the  piston  valve  K  either 
upwards  or  downwards. 

The  auxiliary  valve  rod  to  which  K  and  L  are  fixed  is  connected 
by  means  of  a  train  of  levers  and  linkwork  marked  O  Q  R  S  T, 
with  a  lever  canying  on  its  end  a  "  crvich^^  P.  N  is  a  vertical 
**  tappet  rod"  carried  by  the  main  piston  A,  firom  which  project  the 
tappets  X  and  Y  for  moving  the  crutch  P. 

The  engine  works  in  the  following  manner : — 

Suppose,  as  in  fig.  41,  that  the  main  piston  valve  £  is  raised,  the 
water  escaping  by  the  route  D  G  from  the  main  cylinder,  and 
the  main  piston  falling.  When  the  main  piston  approaches  the 
bottom  of  its  stroke,  the  upper  tappet  Y  strikes  the  lower  hook  of 
the  crutch  P,  and  depresses  it,  together  with  the  auxiliary  piston 
valve  K. 

This  admits  water  ^m  the  main  supply  pipe  C,  by  the  route 
HI,  to  the  annular  space  above  the  counter-piston  F,  so  as  to 
depress  it,  together  with  the  main  piston  valve  £,  into  the  position 
shown  in  fig.  40.  Then  the  water  from  the  main  supply  pipe 
passes  through  D  into  the  main  cylinder  B  B,  and  lifbs  the  main 
piston  A.  When  the  main  piston  approaches  the  top  of  its  stroke,  the 
lower  tappet  X  strikes  the  upper  hook  of  the  crutch  P,  and  raises 
it,  together  with  the  auxiliaiy  piston  valve  K. 

This  allows  the  water  to  be  discharged  from  the  annular  space 
above  the  counter-piston  F,  by  the  route  I  M ;  so  that  the  pressure 
of  the  water  between  F  and  the  main  piston  valve  £  upon  the 
excess  of  the  area  of  F  above  that  of  £,  raises  F  and  £  together 
back  to  the  position  shown  in  fig.  41,  cuts  off  the  supply  of  water 
to  the  main  cylinder,  and  o{)ens  the  passage  for  the  discharge  of 
water  from  the  main  cylinder  through  D  into  G.  The  main  piston 
then  descends,  thus  completing  a  double  stroke,  and  the  entire 
cycle  of  operations  recommences.  The  process  may  be  summed  up 
by  saying,  that  of  the  two  engines,  the  main  and  the  auxiliary, 
each  works  the  valve  of  the  other. 
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The  frequency  of  the  strokes  of  the  engine  depends  on  the  speed 
■with  which  the  valve  mechanism  works ;  and  this  can  be  controlled 
by  means  of  regulating  cocks  on  H  and  M,  the  supply  and  dis- 
chaige  pipes  of  the  auxiliary  engine. 

133.  A    Double    ActlBg    Water    PreiMnre    IRmghw    has    a    main 

cylinder,  whose  ends  are  both  dosed,  the  main  piston  rod  passing 
out  through  a  stuffing  box  in  one  of  them,  and  each  end  being  pro- 
vided with  a  port  like  D  in  figs.  40  and  41,  communicating  with 
one  valve  cylinder,  both  of  whose  ends  communicate  with  the  dis- 
charge pipe.  The  supply  pipe  enters  the  valve  cylinder  at  the 
middle  of  its  length.  On  one  rod  are  carried  a  pair  of  equal  and 
similar  piston  valves,  one  for  each  port,  which  rise  and  fall  to- 
gether :  the  distance  between  them  is  so  adjusted,  that  when  they 
are  raised,  and  the  upper  piston  valve  leaves  the  upper  port  in 
commxmication  with  the  supply  pipe,  the  lower  piston  valve  at  the 
same  time  leaves  the  lower  port  in  communication  with  the  dis- 
charge pipe  through  the  lower  end  of  the  valve  cylinder — and  that 
when  they  are  depressed,  and  the  lower  piston  valve  leaves  the 
lower  port  in  commuuication  with  the  supply  pipe,  the  upper  pis- 
ton valve  at  the  same  time  leaves  the  upper  port  in  communication 
with  the  discharge  pipe  through  the  upper  end  of  the  valve 
cylinder. 

The  valve  piston  rod  may  be  moved  either  directly  by  tappets, 
or  indirectly  by  a  small  auxiliary  engine. 

134.  Romiire  Wster  PreMore  Bnftncii. — In  this  class  of  engine, 
the  cylinders  are  either  double  or  single  acting,  and  the  piston 
rods,  by  means  of  connecting  rods  and  cranks,  drive  a  shaft. 
In  order  to  diminish  as  much  as  possible  the  variations  of  the 
effort  upon  the  crank  shaft,  it  is  usual  to  have  two,  three,  or 
four  cylinders  acting  in  succession;  but  a  single  cylinder  would 
answer,  if  the  fly  wheel  were  made  of  sufficient  inertia. 

The  inertia  of  the  fly  wheel  for  a  rotative  water  pressure  engine 
is  to  be  determined  by  the  same  rule  as  for  a  non-expansive  steam 
engine.     (See  Articles  52,  53.) 

The  frequency  of  the  strokes  is  greater  in  this  than  in  other 
kinds  of  water  pressure  engines;  and  therefore,  to  avoid  great  re- 
sistance, the  supply  and  discharge  pipes,  and  the  valve  ports,  must 
be  larger  as  compared  with  the  piston  than  in  other  water  pressure 
engines.  The  best  rule  is  to  make,  if  practicable,  every  passage  of 
such  an  area,  that  the  velocity  of  the  water  in  it  shall  not  exceed 
the  maximum  velocity  of  the  pistons.  The  best  valves  appear  to  be 
double  piston  valves.  Engines  of  this  kiud  are  very  useful  and 
convenient  for  driving  small  machines  in  towns  where  there  is  a 
copious  supply  of  water  at  a  high  pressure;  and  also  in  mines, 
where  steam  engines  might  be  inconvenient  or  unsafe.     In  the 
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latter  situation  they  may  be  driven  by  a  portion  of  the  water 
which  is  pumped  up  by  the  draining  engine  of  the  mine. 

The  most  successful  in  practice  of  rotative  water  pressure  en- 
gines are  those  of  Sir  William  Armstrong,  as  to  wLich,  and  as 
to  hydraulic  cranes  and  hoists,  detailed  information  may  be  found 
in  the  Transactions  of  tfte  InstUtUion  of  MecJumicaJ,  Engineers, 
August,  1858.  Their  efficiency  is  roughly  estimated  at  from  -66 
to -77. 

134  A.  Belief  Clacks  form  an  important  part  of  the  engines  of 
Sir  William  Armstrong.  Their  object  is  to  prevent  the  shocks 
which  would  otherwise  occur  within  the  cylinder  on  the  closing  of 
the  port,  and  consequent  sudden  stopping  of  the  motion  of  the 
water.  A  set  of  relief  clacks  for  a  single  acting  cylinder  consists 
of  two,  one  opening  upwards,  in  a  passage  leading  from  the 
cylinder  port  into  the  supply  pipe,  and  the  other  opening  upwards, 
in  a  passage  leading  from  the  discharge  pipe  into  the  cylinder  ix)rt. 
The  effect  is,  that  the  pressure  in  the  cylinder  cannot  rise  above 
that  in  the  supply  pipe,  nor  fall  below  that  in  the  exhaust  pipe. 

For  a  double  acting  cylinder,  four  clacks  are  required,  two  for 
each  port. 

Supplement  to  Part  IL,  Chapter  /F.,  Section  2. 

134  B.  CompouMd  Clacks  for  large  pumps  are  now  much  used,  in 
which  the  general  form  of  the  compound  seat  is  like  a  cone  with 
its  vertex  upw^ards,  and  an  inclination  of  from  45°  to  75*^ ;  but  the 
sides  do  not  slope,  being  formed  into  a  series  of  flat  circular  steps. 
Each  of  those  flat  steps  is  pierced  with  a  ring  of  openings,  and 
forms  the  seat  of  a  clack  or  set  of  clacks,  prevented  from  rising  too 
high  by  a  projecting  or  overhanging  portion  of  the  step  next  above. 
When  there  is  a  single  clack  to  each  step,  it  is  a  ring  of  metal  or 
india  rubber;  when  a  set  of  clacks,  they  are  leather  flaps  or  india 
rubber  balls.  (See  a  paper  by  Mr.  John  Hosking,  Trans,  Inst,  of 
Mech  Engineers,  August,  1858.) 


Section  6. — 0/  Water  Pressure  Etigines  with  Air  Pistons, 

135.  The  nnngartaa  BiachiBe  is  the  name  given  to  an  engine 
first  used  for  pumping  mines  at  Chemnitz,  in  Hungary,  in  which 
the  duty  of  a  piston  is  performed  by  a  mass  of  confined  air,  trans- 
mitting pressure  and  motion  from  a  stream  of  water  whose  fall 
constitutes  the  source  of  power,  to  another  mass  of  water,  whose 
elevation  to  a  given  height  is  the  useful  work  to  be  performed. 
Its  principle  is  identical  with  that  of  a  piece  of  apparatus  known 
as  "  Hero's  Fountain,"  from,  having  been  described  in  the  Pnenh 
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matieg  of  Hero  of  Alexandria,  a  phUosopher  who  flonrished  ia  the 
second  century  a  c. 

The  flair  of  the  liill  mnst  ex- 
ceed therquantity  of  irater  to  be 
raised  in  a  given  time,  and  the 
head  must  exceed  the  height  to 
which  that  water  ia  to  be  raised, 
in  proportiona  whose  approxi- 
mate values  will  afterwards  bo 
pointed  out. 

The  principal  parts  of  the 
machine  aj*  indicated  in  fig.  42. 

A,  a  tank  or  well  at  the  bot- 
tom of  a  shafb,  for  collecting  the 
water  to  be  raised. 

B,  an  air-tight  receiver,  of 
sufficient  strength  to  resist  the 
greatest  internal  preasure  that 
acts  in  the  apparatus,  wholly  im- 
mersed in  the  water  of  the  weU. 
This  may  be  called  the  pump 
barrd.  The  bottom  of  the  re- 
ceiver must  not  touch  the  bottom  , 
of  the  well,  for  there  must 
space  enough  between  to  admit 
the  access  of  the  water  of  the 
well  to 

C,  a  clack  opening  inwards,  in 
the  bottom  of  the  receiver  B. 

D,  a  deliveiy  pipe,  rising  from 
near  the  bottom  of  B  to  the  drain 
at  the  top  of  the  shaft  which 
carries  away  the  water  raised. 
It  is  desirable,  though  not  abso- 
lutely necessary,  to  have  at  the 
bottom  of  D  a  clack  opening  up- 

E,  an  air-tight  receiver,  at 
least  as  strong  as  B,  which  cor- 
responds to  the  cyliitder  of  a 
common  water  pressure  engine, 
and  is  placed  in  any  site  near  the  top  of  1;he  shaft  which  is 
convenient  for  discharging  the  water  of  the  driving  source  after  it 
has  done  its  work.     This  may  be  called  the  toorhing  barrd. 

F,  the  air  pipe,  connecting  the  top  of  the  pump  barrel  B  with  the 
top  of  the  working  barrel  K 
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G,  the  tffoste  air  cocky  at  the  top  of  R 

H,  the  discharge  valve,  at  the  bottom  of  £,  for  discharging  the 
water  which  has  {)erfonned  its  work  in  the  working  barrel 

I,  a  reservoir,  at  the  top  of  the  falL 

K,  the  supply  pipe,  connecting  that  reservoir  with  the  bottom  of 
the  working  barrel  £. 

L,  the  admission  valve,  near  the  bottom  of  the  supply  pipe. 

The  valves  H  and  L  may  be  opened  and  shut  by  floats  in  the 
working  barrel,  or  by  a  small  auxiliary  water  pressure  engine,  or 
by  a  small  wheel  driven  by  the  water  discharged.  The  sketch 
shows  them  as  spindle  valves ;  but  a  single  piston  valve  might  be 
made  to  do  the  duty  of  both. 

The  machine  is  set  to  work  by  opening  the  air  waste  cock  G,  L 
at  the  same  time  being  shut.  The  water  from  the  well  A  opens 
the  clack  C,  enters  and  fills  the  working  barrel  B,  and  drives 
out  the  air  through  G,  so  that  E  and  F  only  remain  filled  with 
air.  Then  G  is  shut,  and  remains  shut  while  the  machine  is 
working;  H  is  shut  and  L  opened,  and  the  working  proceeds  as 
follows : — 

The  driving  water  from  I  descends  through  K  and  L  into  E, 
and  compresses  the  air  contained  in  £  and  F.  The  pressure  so 
exerted  on  that  air  is  transmitted  to  the  water  in  B,  and  causes  it 
to  lise  in  the  delivery  pipe  D.  When  the  pressure  has  become 
equal  to  that  of  the  column  of  water  in  D  added  to  its  resistance, 
the  lifted  water  issues  from  D  into  the  drain,  and  continues  to  do 
so  until  E  is  filled  with  water.  Then  by  the  valve  gearing,  L  is 
shut  and  H  opened;  and  the  water  in  E  is  made  to  flow  out, 
partly  by  its  own  weight,  and  partly  by  the  pressiure  of  the  expand- 
ing air.  As  soon  as  the  air  has  fallen  to  its  original  pressure,  more 
water  from  the  well  flows  through  G  into  B,  and  drives  all  the  air 
back  into  F  and  E.  Then  H  is  shut  and  L  opened,  and  the  cycle 
of  operations  recommences. 

In  the  following  investigation  of  the  eflSciency  of  this  engine,  the 
fluctuations  of  level  of  the  water  in  the  pumping  and  working 
barrels,  B  and  E,  are  neglected  in  comparison  with  the  height  of 
lift,  and  the  head  of  fall 

Let  h^  denote  the  head  of  water  which  is  equivalent  to  one 
atmosphere,  or  33*9  feet  on  an  average. 

Let  Aj  be  the  height  of  the  outlet  of  the  delivery  pipe  D  above 
the  surface  of  the  water  in  A ;  D,  the  weight  of  a  cubic  foot  of 
water,  or  62*4  lbs. ;  Q^,  the  number  of  cubic  feet  per  second  to  be 
raised;  then 

DQjAi (1.) 

is  the  useful  work  per  second. 

Let  h^  be  the  head  lost  by  the  resistance  in  the  pipe  D,  com- 
puted by  the  principles  of  Article  99;  then 
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^0  +  ^  +  ^ (2.) 

is  the  head  of  water  equivalent  to  the  pressure  to  which  the  air 
must  be  compressed  in  E,  F,  and  B,  before  the  water  will  issue  from 
the  outlet  of  D.  That  pressure,  in  atmospheres,  may  be  expressed 
thus — 

„=l+*L+^; (3.) 


h. 


0 


and  the  working  pressure  which  the  barrels  and  air  pipe  must  be 
adapted  to  bear  is  n  —  1  atmospheres. 

The  volume  of  air  which  must  pass  per  second  from  E  into  B, 
while  the  water  is  being  forced  out  of  B,  is  Qj  cubic  feet  at  the 
pressure  of  n  atmospheres. 

When  air  is  compressed  or  dilated  so  suddenly  that  it  has  not 
time  to  lose  or  gain  heat  by  communication  with  adjoining  bodies, 
its  density  varies  much  more  slowly  than  its  pressure ;  but  when 
there  is  time  for  all  the  heat  produced  by  compression  to  be  con- 
ducted away,  and  for  all  the  heat  which  disappears  during  expan- 
sion to  be  replaced  from  neighbouring  bodies,  the  density  varies 
very  nearly  as  the  pressure  simply.  It  is  probable  that  the  latter 
supposition  is  very  near  the  truth  in  the  present  case,  especiaUy  as 
the  air  is  charged  with  moisture,  which  facilitates  the  communica- 
tion of  heat. 

Therefore,  as  the  original  pressure  of  the  air,  before  being  com- 
pressed by  the  descent  of  the  water  from  I  into  E,  is  one  atmo- 
sphere, the  volume  of  the  mass  of  air  which  descends  per  second, 
at  the  original  pressure,  is 

Q  =  ^Qi, (4.) 

and  this  also  is  the  volume  of  water  which  must  descend  from  the 
source  per  second,  in  order  to  perform  the  work. 

Let  B  and  E  be  taken  respectively  to  represent  the  capacities  of 
those  portions  of  tha  pump  barrel  and  working  barrel  which  are 
alternately  tilled  and  emptied  of  water  at  each  stroke,  and  let  ¥ 
denote  the  capacity  of  the  air  pipe ;  then  we  must  evidently  have 

E  +  ¥  ... 

bTf  =  " (") 

Let  ^3  be  the  loss  of  head  by  the  resistance  of  the  supply  pipe, 
valves,  &C.     Then  the  total  head  required  for  the  fall  is 

H  =  A,  +  /i2  +  ^; («•) 

so  that  the  total  energy  expended  per  second  is 
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^K±h±h.BQ^(h^  +  h,  +  h^} (7.) 

and  comparing  this  with  the  useful  work  in  formula  1,  it  appears 
that  the  efficiency  of  the  engine  is 

Ql*i ^ Ml /o  \ 

QB.-- n{h,  +  h^  +  h^-{h.  +  h^  +  h^'{h^  +  h^+h^)"^'''^ 

The  diminution  of  efficiency  represented  by  the  factor  —  in  the 

above  expression,  and  corresponding  to  a  loss  of  head  to  the 
amount  of 


('-s^ 


arises  from  the  loss  of  the  energy  exerted  in  compressing  the  air, 
and  in  agitating  the  water  in  E  and  K  during  the  time  of  that 
compression,  when  the  head  is  more  than  sufficient  to  produce  the 
entrance  of  the  water  with  the  proper  velocity. 

The  energy  exerted  in  compressing  the  air  is  restored  during  its 
expansion  ;  but  being  wholly  employed  in  forcing  the  water  out  of 
the  discharge  valve  H,  it  is  lost  in  the  end. 

The  chief  recommendation  of  the  Hungaidan  machine  appears  to 
be  its  simplicity. 

136.  Ab  Air  VeMci  is  a  sufficiently  strong  air-tight  receiver, 
generally  cylindrical,  with  a  hemispheiical  top,  the  upper  part  of 
which  contains  some  imprisoned  air,  while  the  lower  part  contains 
water,  and  communicates  with  the  cylinder  or  the  supply  pipe  of 
a  water  pressure  engine,  or  any  other  vessel  or  passage  in  which 
changes  of  the  velocity  of  a  mass  of  water  occur.  The  compressi- 
bility and  expansibility  of  the  air,  admitting  of  the  alternate  flow 
of  a  portion  of  water  into  and  out  of  the  air  vessel,  enable  such 
changes  of  velocity  to  be  made  by  degrees.  Rotative  water  engines 
were  formerly  made  with  an  air  vessel  in  connection  with  each  end 
of  the  cylinder;  but  relief  valves  (Article  134  a)  are  now  considered 
preferable. 

Sv^ppiement  to  Pa/rt  II.,  Chapter  /.,  Article  94. 

136  A.  Water  Meiers  are  instruments  for  measuring  and  record- 
ing the  flow  of  water  through  pipes.  Detailed  descriptions  of 
several  kinds  may  be  found  in  the  Trcmsactions  of  the  Iruftihiiion  of 
Mechanical  Engineers  for  1S56. 

The  meters  now  in  ordinary  use  may  be  divided  into  two  classes: 
piston  meters  and  wheel  meters. 
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As  an  example  of  a  piston  meter  may  be  taken  Mr.  Kennedy's, 
wHch  is  a  small  double  acting  water  pressure  engine,  driven  by 
the  flow  of  water  to  be  measured.  As  it  has  been  found,  in  other 
piston  meters,  that  the  recording  merely  the  number  of  strokes 
made  by  the  piston  leads  to  errors  in  computing  the  flow,  this 
meter  is  so  constiTicted  that,  by  means  of  a  rack  on  the  piston  rod 
driving  pinions,  the  distance  traversed  by  the  piston  is  recorded  by 
a  train  of  wheelwork,  with  dial  plates  and  indexes. 

An  example  of  a  wheel  met^  is  that  of  Mr.  Siemens,  being  a 
small  reaction  turbine  or  "  Barkei-^s  mill,"  driven  by  the  flow.  The 
revolutions  are  recorded  by  a  train  of  wheelwork,  with  dial  plates 
and  indexes 

Another  example  of  a  wheel  meter  is  that  of  Mr.  Gorman,  being 
a  small  fan  turbine  or  vortex  whed  driven  by  the  flow,  and  driving 
the  indexes  of  dial  plates. 

All  those  three  meters  are  found  to  answer  well  in  practice,  and 
can  be  placed  in  the  course  of  a  pipe  under  any  pressure. 

The  ordinary  errors  of  a  good  water  meter  are  from  ^  to  1  per 
cent. ;  in  extreme  cases  of  variation  of  pressure  and  speed,  errors 
may  occur  of  2  J  per  cent. 

The  value  of  tie  revolutions  of  a  wheel  meter  should  be  ascer- 
tained experimentally,  by  finding  the  number  of  revolutions  made 
during  the  filling  of  a  tank  of  known  capacity. 
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CHAPTER  V. 

OF  VERTICAL  WATEB  WHEELS. 

Sectiok  1. — GeMToL  Principles, 

137.  PoBd  sad  w«ir. — The  head  race  or  supply  channel  of  a 
vertical  water  wheel  commences  either  at  a  lai^  store  reservoir, 
being  a  natural  or  artificial  lake  in  which  the  i-ainfall  of  a  district 
is  oollectedy  or  at  a  smaller  reservoir  or  pond^  being  an  enlargement 
in  the  coui'se  of  a  river,  formed  by  building  a  weir  or  dam  across 
it.  The  object  of  that  weir  is  not  merely  to  store  a  surplus  flow  of 
water  at  one  time,  and  employ  it  to  supply  deficiency  of  flow  at 
another,  but  to  prolong  a  high  top  water  level  from  its  natural 
situation  at  a  place  some  distance  up  the  stream,  to  a  place  as  near 
as  possible  to  the  bottom  of  the  flEill,  where  the  tail  race  joins  the 
natural  channel,  and  thus  to  diminish  as  far  as  possible  the  loss  of 
head  arising  from  friction  in  the  head  race  and  tail  race. 

The  weir,  throughout  either  the  whole  or  a  part  of  its  length,  acts 
as  a  vxwte  weir  or  over/cUl,  discharging  over  its  crest  the  surplus 
flow  of  floods,  beyond  what  the  wheel  can  use. 

L  Levd  of  Pond — Weir  not  Drowned. — In  order  to  find  how 
high  the  water  in  the  pond  will  stand  above  the  crest  of  the  weir, 
a  formula  is  to  be  used  founded  on  equation  2  of  Article  94,  with 
this  diflerence,  that  whereas  for  a  sharp  edged  notch  the  co-eflicient 
of  discharge  c  is  &om  0*595  to  0*667,  it  is  considerably  smaller  for 
the  flat  or  slightly  rounded  crest  of  a  weir.  Its  values  imder 
various  circumstances  have  been  deteimined  by  the  experiments  of 
Mr.  BlackwelL  For  the  purpose  at  present  in  view,  it  is  sufficiently 
accurate  to  take  the  following  avei^age  value  : — 

For  vxjLiie  weirsy  c  =  0'5  nearly (1.) 

This  gives  for  the  flow  over  the  weir,  in  cubic  feet  per  second, 

Q  =  5-35 c 6 At  =  2-67  6 A*; (2.) 

so  that  the  greatest  height  A,  in  feet,  at  which  the  water  in  the 
pond  near  the  weir  stands  above  the  crest  of  the  weir  is  given  by 
the  following  formula  : — 

*  ^  \/^  wear^y; (3.) 
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Q  being  the  greatest  flow  in  cubic  feet  per  second,  and  b  the  breadth 
in  feet  of  the  outlet  over  the  weir  crest 

II.  Weir  Droumed, — A  weir  is  said  to  be  "  drowned  "  when  the 
water  in  the  channel  below  it  is  higher  than  its  crest.  Let  h,  h\ 
be  the  heights  of  the  water  above  the  weir  crest,  in  the  pond  and 
in  the  waste  channel  respectively;  then  the  flow  per  second  is 

Q  =  |c6Y^  \2g{h-h')}.  (a  +  I) (4.) 

when  Q  and  h'  are  given,  the  exact  determination  of  h  requires  the 
solution  of  a  cubic  equation,  but  the  following  approximate  solution 
is  in  general  sufficient : — 

First  a/pproxlmcUiony      Ai  =  A'  +  a  /  _*- (5.) 

This  always  gives  too  great  a  result. 

Second  appraonmation.  An  amended  value  h^of  h,iB  given  by 
the  formula 


A,  =  ;i,-A'(l-?.    4^.) (6.) 


Closer  approximations  may  be  obtained  by  repeating  the  process. 

138.  Backwater  is  the  effect  produced  by  the  elevation  of  the 
water  level  in  the  pond  close  behind  the  weir,  upon  the  surface  of 
the  stream  at  places  still  farther  up  its  channel. 

For  a  channel  of  uniform  breadth  and  declivity,  the  following  is 
an  approximate  method  of  determining  the  figure  which  a  given 
elevation  of  the  water  close  behind  a  weir  will  cause  the  surface  of 
the  stream  fai*ther  up  to  assume. 

Let  i  denote  the  rate  of  inclination  of  the  bottom  of  the  stream, 
which  is  also  the  rate  of  inclination  of  its  surfece  before  being 
altered  by  the  weir. 

Let  ^0  be  the  natural  depth  of  the  stream,  before  the  erection  of 
the  weir. 

Let  \  be  the  depth  as  altered,  close  behind  the  weir. 

Let  ^2  he  any  other  depth  in  the  altered  part  of  the  stream. 

It  is  required  to  find  a;,  the  distance  from  the  weir  in  a  direction 
up  the  stream  at  which  the  altered  depth  \  will  be  found. 

Denote  the  i-atio  in  which  the  depth  is  altered  at  any  point  by 


And  let  ^  denote  the  following  function  of  that  ratio  :-^ 
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♦  =  /;:^l  =  Jhyp-iog.{l  +  .7|%J 


-| — ?=arc.  tan. 


^3 


V3 


.(1.) 


A  oonyenient  approximate  formula  for  computmg  ^  is  as  follows  : — 

(2.) 


*ncarly  =  2^  +  5p  +  3^. 


Compute  the  values,  9^  and  ^2?  ^^  ^^^  function,  corresponding  to 
the  ratios 

r^  =  J  and  r*  =  A 


Then 


Jo"""'    "V 


a:  =  ^J^  +  Q  >  264)  .  (c,  -  0,)  8, (3.) 

The  following  table  gives  some  values  of  ^ : — 


r 

I'O 
I '2 

1*4 

1-6 
17 


00 

•680 
•480 

•376 
•304 
•255 

•2l8 

•189 


r 

1-8 
1-9 

3'0 
2*2 
24 

2-6 

2*8 

30 


•166 

•147 
•132 

•107 

•089 

•076 

•065 

•056 


The  first  term  in  the  right  hand  side  of  the  formula  3  is  obviously 
the  distance  back  from  the  weir  at  which  the  depth  ^^  would  be 
found  if  the  surface  of  the  water  were  level.  The  second  term  is 
the  additional  distance  arising  from  the  declivity  of  that  surface 
towards  the  weir.  The  constant  264  is  an  approximation  to  2  —/, 
/being  the  co-efficient  of  friction.  For  a  natural  declivity  of  1  in 
264,  the  second  term  vanishes.  For  a  steeper  declivity,  it  becomes 
negative,  indicating  that  the  surface  of  the  water  rises  towards  the 
weir;  but  although  that  rise  really  takes  place  in  such  cases,  the 
agreement  of  its  true  amount  with  that  given  by  the  formula  is 
somewhat  uncertain,  inasmuch  as  the  formula  involves  assumptions 
which  are  less  exact  for  steep  than  for  moderate  natui*al  declivitiea 
It  is  best,  therefore,  in  cases  of  natural  declivities  steeper  than  1 
in  264,  to  compute  the  extent  of  backwater  simply  from  the  first 
term  of  the  formula. 


WASTE  SLUICES — ^HEAD  BACE — SLUICES. 
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^^mmim 


Fig  48. 


139.  Wnaie  Sioicca  in  a  wall  forming  part  of  the  weir  are  used  to 
enable  the  surplus  water  of  floods  to  be  discharged  with  a  lower 
elevation  of  the  surface  of  the  pond,  and  a  less  extent  of  backwater, 
than  would  be  practicable  if  all  the  surplus  flow  had  to  pass  over 
the  weir-crest. 

A  aet/'Octing  waste  sluice  invented     |  ""~ 

by  a  French  engineer,  M.  Chaubart, 
is  shown  in  ^g,  43,  which  is  a  ver- 
tical section.  It  has  been  found  to 
answer  well  where  it  is  required  to 
maintain  the  surface  of  the  water  in  a 
pond  or  canal  very  accurately  at  a 
certain  level. 

A  B  is  the  sluice  or  valve  plate,  re- 
presented as  shut,  its  upper  edge  A 
being  at  the  proper  water  leveL 

The  sluice  is  supported  by  a  pair  of 
cast  iron  sectoi-s,  resting  on  horizontal 
platforms.  E  is  one  of  those  sectors ;  F  G  its  platform.  The  edge 
of  each  sector  has  a  groove,  in  which  lies  a  cluun,  fixed  at  F  to  the 
platform,  and  at  H  to  the  sector.  This  pair  of  chains  resists  the 
tendency  of  the  water  to  press  the  sluice  forward. 

When  the  water  is  at  the  level  of  A,  the  resultant  of  its  pressure 

acts  at  a  depth  A  0  which  is  two-thirds  of  the  whole  depth  A  B 

of  the  sluice.  Through  C  draw  C  D  perpendicular  to  A  B,  cutting 
the  cerUre  line  of  the  chain  F  H  in  D.  Then  the  sectors  and  plat- 
forms must  be  so  formed  and  placed,  that  when  the  sluice  is  ^ut, 
the  point  of  contact  of  each  sector  with  its  platform  shall  be 
vertically  below  D  ;  and  then  the  combined  resistance  of  the  chains 
and  platforms  will  be  directly  opposed  to  the  pressure  of  the  water, 
and  will  balance  it 

When  the  water  rises  above  A,  and  begins  to  overflow,  the 
centre  of  pressure  rises  above  C,  so  that  the  pressure  and  the 
resistance  are  no  longer  directly  opposed.  The  sluice  then  rolls 
upon  its  sectors  into  a  new  position  of  equilibrium,  and  in  so  doing, 
it  not  only  depresses  the  edge  A,  so  as  to  make  the  overflow  more 
rapid,  but  raises  the  edge  B,  so  as  to  make  an  outlet  at  the  bottom 
of  the  passage  B  K,  through  which  the  surplus  water  escapes  much 
more  rapidly  than  it  could  do  by  merely  overflowing. 

140.  Head  Race  and  siaices. — To  protect  the  conduit,  which  is 
the  head  race,  from  the  surplus  water  of  floods,  it  is  advisable  that 
between  it  and  the  natural  stream  there  should  be  a  wall  or  an 
embankment  rising  a  sufficient  height  (say  from  two  to  three  feet) 
above  the  highest  level  of  floods ;  and  also  that  a  similar  wall  or 
embankment  should  extend  across  the  upper  end  of  the  conduit, 
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where  it  leaves  the  pond.  In  the  latter  situation  a  wall  is  the  more 
suitable.  It  is  traversed  by  a  passage  for  admitting  water  from  the 
pond  to  the  conduit,  capable  of  being  closed  or  opened  to  a  greater 
or  less  extent,  by  means  of  one  or  more  sluices,  which  are  slide 
valves  moving  vertically  in  guides,  made  of  timber  or  iron,  and 
moved  by  means  of  a  screw,  or  of  a  rack  and  pinion.  It  is  advis- 
able not  to  make  sluices  broader  than  about  four  or  five  feet.  If  a 
greater  width  of  opening  is  required,  the  passage  from  the  pond  into 
the  conduit  should  be  divided  by  walls  or  piers  into  a  sufficient 
number  of  parallel  passages,  each  furnished  with  a  sluice. 

The  loss  of  liead  at  a  sluice  is  to  be  found  by  the  principles  of 
Ai'ticle  99,  Division  V. 

The  channel  of  the  head  race  is  to  be  made  as  large  as  is  con- 
sistent with  proper  economy  in  firet  cost.  Supposing  its  flow  Q  in 
cubic  feet  per  second,  and  its  figure  and  dimensions,  to  be  fixed 
beforehand,  the  declivity  which  it  requires  is  to  be  computed  by  the 
principles  of  Article  99,  Division  VI.,  equations  13,  15,  16,  17. 

Supposing  the  flow  Q,  and  the  rate  of  declivity  i  =  h-T-l  (h  being 
the  fall),  to  be  given,  the  figure  and  transverse  dimensions  of  the 
channel  are  to  be  fixed  in  the  following  manner  : — 

The  form  of  least  resistance  for  the  cross-section  of  an  open 
channel  of  a  given  area  A,  is  obviously  a  semicircle ;  its  border  b 
being  the  shortest  which  can  enclose  the  given  area.  Its  kydravlic 
mean  depth  is  one-luilf  of  its  radius;  that  is,  r  being  its  radius,  and 
also  the  ir^ftYimiiTn  depth  of  water  in  it,  and  in  the  hydraulic  mean 
depth, 

^=6=2 (^-^ 

Mr.  Neville  has  shown,  that  if  it  is  necessary  that  the  cross- 
section  of  a  channel  should  be  bounded  by  straight  lines,  the  form 
of  least  resistance,  for  given  directions  of  those  lines,  is  one  in 
which  all  the  straight  lines  are  tangents  to  one  semicircle,  having 
for  its  radius  the  greatest  depth  of  water  in  the  channel ;  and  in 
such  forms,  the  hydraulic  mean  depth  is  still  one-half  of  the  radius 

of  the  semicircle,  as  in  equa- 
tion 1.  For  example,  let  it 
be  required  to  di-aw  the  best 
figure  for  a  channel  with  a 
flat  bottom,  and  sides  of  a 
given  slope.  In  fig.  44,  let 
J»'  CAD  represent  the  surface 

^'S-  *^-  of  the  water,  and  AB  =  r 

its  greatest  depth.  With  the  radius  A  B  describe  a  semicircle ; 
draw  a  horizontal  tangent  to  it,  E  B  F,  for  the  bottom  of  the 
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channel,  and  a  pair  of  tangents  E  C,  F  D,  at  the  given  inclination, 
for  the  sides.  The  border  is  5  =  0  E  F  D,  and  the  area  A  =  5  r  —  r. 
In  such  channels,  the  length  of  each  of  the  slopes,  C  E,  F  D,  is 

equal  to  the  half-breadth  0  A. 

If  the  channel  is  to  be  built  of  brick,  stone,  or  concrete,  "with 
cement  or  hydraulic  mortar,  either  the  semicircular  form  may  be 
employed,  or  a  rectangular  form  with  a  £at  bottom  and  vertical 
sides,  the  breadth  being  double  of  the  depth;  or  a  semi-heocagon, 
consisting  of  a  flat  bottom  whose  breadth  is  equal  to  half  the 
breadth  at  the  surface  of  the  water,  and  a  pair  of  slopes  inclined 
at  60''  to  the  horizon.  The  second  and  third  are  figures  which  fall 
under  Mr.  Neville's  rule;  and  the  third  has  the  least  resistance  of 
all  figures  whose  borders  consist  of  a  bottom  and  two  slopes. 

If  the  channel  is  to  be  made  of  clay  with  rubble  stone  pitching, 
Mr.  Neville's  form  is  to  be  used,  with  slopes  of  at  least  1^  to  one. 

The  figure  having  been  selected,  it  is  obvious  that  the  sectional 
areas  of  all  similar  figures  will  be  proportional  to  the  squares  of  their 
hydraulic  mean  depths;  so  that  we  may  put 

A  =  n  m^\ (2.) 

n  being  a  factor  depending  on  the  figure. 
For  a  semicircle, 

w  =  2  »  =  6-2832; (3.) 

For  a  half-square, 

»=8; (4.) 

For  a  half-hexagon, 

7^  =  4/3  =  6-928; (5.) 

For  Mr.  Neville's  figure,  with  a  flat  bottom,  and  slopes  inclined 
at  any  angle  6  to  the  horizon, 

n  =  4  f  cosec  tf  + tan  ^  j (6.) 

The  velocity  of  flow  is 

t;  =  Q  -f-wm* (7.) 

Making,  therefore,  the  proper  substitutions  in  equation  17  of 
Article  99,  we  find 

m'  2^w2m*""25r7i2m5^ ^   ' 

from  which  is  deduced  the  following  value  of  the  required  hydravlia 
mean  depth : — 

«»=G^^)' (^■> 

\2  g  n^t/ 
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The  value  of  /  is  given  in  Article  99,  equation  15,  and  contains  a 
small  teim  varjing  inversely  as  the  velocity.  Assuming  as  an 
approximate  average  value     . 

/=  0007565, (10.) 

we  find, 

'^  =  \m2vro'' ^"-^ 

and  having  computed  the  required  hydraulic  mean  depth,  all  the 
other  dimensions  of  the  channel  can  be  deduced  from  it. 

The  head  race  should  have  a  waste  weir  and  sluice  of  its  own, 
near  its  lower  end,  to  prevent  the  risk  of  the  water  overflowing  its 
banks;  and  if  it  is  of  great  length,  it  may  be  advisable  to  have 
several  waste  weirs  along  its  course. 

140  A.  Table  of  Sqaarcs  and  Fifth  Powers. — The  preceding  for- 
mula is  exactly  similar  to  equation  11  of  Article  108,  except  that 
in  the  present  case  the  diameter  of  the  pipe  d  is  replaced  by  the 
hydraulic  mean  depth  of  the  channel  m,  and  the  multiplier  0*23  by 

(8512n2^-t. 

Considering  that  for  pipes  and  channels  of  similar  figures,  the 
fifth  powers  of  the  corresponding  transverse  dimensions  are  propor- 
tional to  the  squares  of  the  volumes  of  flow,  it  appears  that  a  table 
of  squares  and  fifth  powers,  such  as  is  here  given,  is  useful  in  com- 
paring pipes  and  channels  of  different  dimensions.  Suppose,  for 
example,  that  for  two  similar  channels  of  the  same  declivity,  the 
volumes  of  flow  are  in  a  given  proportion,  look,  in  the  column  of 
fifth  powers,  for  two  numbers  as  nearly  as  possible  in  that  propor- 
tion ;  and  opposite  them,  in  the  column  of  squares,  will  be  found 
two  numbers  nearly  proportional  to  the  corresponding  transverse 
dimensions  of  the  channels 

141.  The  BegaiatiBfi  siaiee  should  be  placed  as  close  as  possible 
to  the  wheeL  It  delivers  the  supply  of  water  either  above  its 
upper  edge,  like  a  weir  or  notch  board,  or  between  its  lower  edge 
and  the  lower  edge  or  sill  of  the  opening  in  which  it  slides. 

The  delivery  above  the  sluice  is  the  best  suited  for  wheels  on 
which  the  water  acts  chiefly  by  its  weight.  The  discharge  in  cubic 
feet  per  second  for  a  given  depression  of  the  upper  edge  of  the 
sluice  below  the  surface  of  the  water  in  the  head  race  may  be  cal- 
culated by  the  formulae  of  Article  94,  Division  III. 

The  delivery  between  the  lower  edge  of  the  sluice  and  the  sill  is 
the  best  suited  to  wheels  on  which  the  water  acts  chiefly  by  impulse. 
In  both  these  cases,  the  co-eflScient  of  discharge  for  a  vertical  sluice 
may  be  taken  on  an  average  as 

c  =  0'7; (1.) 
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Sqwra 

Fifth  Power. 

Square. 

Fifth  Power. 

lO 

I  00 

I  00000 

55 

3025 

5032  84375 

II 

I  21 

I  61051 

56 

3136 

5507  31776 

13 

144 

2  48832 

57 

3249 

6016  92057 

13 

I  69 

371293 

58 

3364 

6563  56768 

14 

I  g6 

5  37824 

59 

3481 

714924299 

15 

225 

7  59375 

60 

36  00 

7776  00000 

16 

256 

10  4857^ 

61 

3721 

8445  96301 

17 

289 

14  19857 

62 

3844 

9161  32832 

18 

324 

18  89568 

63 

3969 

9924  36543 

19 

361 

24  76099 

64 

40  96 

10737  41824 

20 

400 

32  00000 

66 

4225 

1 1602  90625 

21 

441 

40  84101 

66 

4356 

1252332576 

22 

484 

51  53632 

67 

4489 

I350I  25107 

23 

529 

64  36343 

68 

4624 

1453933568 

24 

576 

79  62624 

69 

4761 

15640  31349 

25 

625 

97  65625 

70 

4900 

16807  00000 

26 

676 

118  81376 

71 

5041 

18042  29351 

37 

729 

143  48907 

73 

5184 

19349  17632 

28 

784 

172  10368 

73 

5329 

2073071593 

29 

841 

205  1 1 149 

74 

5476 

2219006624 

30 

900 

243  00000 

75 

5625 

23730  46875 

31 

961 

286  29151 

16 

5776 

25355  25376 

32 

1024 

335  54432 

11 

5929 

27067  84157 

33 

1089 

391  35393 

78 

6084 

2887174368 

34 

II  56 

454  35424 

79 

6241 

30770  56399 

35 

1225 

52521875 

80 

6400 

32768  00000 

36 

12  g6 

60466176 

81 

6561 

34867  84401 

37 

1369 

693  43957 

8a 

6724 

37073  98439 

38 

1444 

792  35168 

83 

6889 

39390  40643 

39 

15  21 

902  24199 

84 

7056 

4182I  19424 

40 

16  00 

1024  00000 

85 

7225 

4437053^25 

41 

16  81 

1 158  56201 

86 

7396 

47042  70176 

42 

1764 

1306  91232 

87 

7569 

49842  09207 

43 

1849 

1470  08443 

88 

77  44 

52773  19168 

44 

1936 

1649  16224 

89 

7921 

55840  59449 

45 

2025 

1845  28125 

90 

81  00 

59049  00000 

46 

21  16 

2059  62976 

91 

8281 

62403  21451 

47 

22  09 

2293  45007 

93 

8464 

65908  15232 

48 

2304 

2548  03968 

93 

8649 

69568  83693 

49 

2401 

2824  75249 

94 

8836 

73390  40224 

50 

2500 

3125  00000 

95 

9025 

77378  09375 

51 

26  01 

3450  25251 

96 

92  16 

81537  26976 

52 

2704 

3802  04032 

91 

9409 

85873  40257 

53 

2809 

4181  95493 

98 

g6  04 

90392  07968 

54 

29  16 

4591  65024 

99 

9801 

95099  00499 
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because  the  contraction  is  partial ;  but  tbe  Bliiice  is  very  often 
inclined ;  and  then,  for  an  inclination  of  60°  to  tbe  horizon,  or 
thereabouts, 

«  =  0H;. (2.) 

and  for  an  indination  of  45°,  or  less, 

c  =  0-8.....' (3.) 

The  regnlating  sluice  is  moved  bj  mechanism  suitable  for  adjust- 
irg  its  position  with  oiccty,  such  as  a  rack  and  pinion,  or  a  screw. 
* '"    —      r  ivkcei  o*T«B*n  are  all  much  alike  in  principle. 


FiR.  46. 

though  varied  in  details. 
The  single  example  here 
chosen  to  illustrate  them 
ia  by  Mr.  Hewes. 

Figs.  45  and  46  are 
elevations  of  this  appara- 
tus viewed  along  and 
acroHs  a  horizonbil  shaft, 
to  be  afterwards  men- 
tioned ;  fig.  47  is  a  hori- 
zonta!  section,  below  the 
level  of  the  pair  of  re- 
vol  \-ing  pend  ulum8,wliich 
are  shown  in  tbeclevation 
as  forming  the  uppermost 
part  of  the  apparatus,  and 
are  earned  by  a  vertical 
spindle,  driven  by  the 
water  wheel. 


■■e-  '■■  water  wneei. 

As  to  revolving  pendulums  in  general,  nee  Articles  19,  5j. 
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From  the  rods  of  the  revolving  pendulums  two  links  suspend  a 
square  slider,  which  rotates,  rises  and  falls  with  the  balls  of  the 
pendulum,  and  from  which  projects  a  cam  A. 

From  a  vertical  shaft  D,  there  projects  a  horizontal  fork  B,  whose 
prongs  are  at  opposite  sides  of  the  pendulum  spindle.  The  end  of 
the  right-hand  prong  is  above,  and  the  left-hand  prong  below,  the 
level  of  the  cam  A,  when  it  is  at  the  elevation  corresponding  to  the 
proper  speed  of  the  wheel,  so  that  the  cam  revolves  without  touch- 
ing either  prong ;  but  the  slider,  immediately  above  and  below  the 
cam,  is  of  such  dimensions,  as  to  biing  the  fork  to  its  middle 
position  if  it  has  deviated  from  it. 

[In  many  water  wheel  governors,  the  fork  corresponding  to  B  is 
four-pronged,  having  one  pair  of  prongs  at  the  middle  elevation  of 
the  cam,  and  wide  enough  apart  to  allow  the  cam  to  revolve  freely 
between  them  when  the  fork  is  in  its  middle  position.  The  other 
two  prongs  are  closer  to  the  spindle,  and  one  is  above,  and  the 
other  below,  the  middle  elevation  of  the  cam,  like  the  two  prongs 
of  the  fork  shown  in  the  figures.] 

The  lower  end  of  the  pendulum-spindle  carries  a  horizontal  bevel 
wheel,  which  drives  two  vertical  bevel  wheels,  turning  loosely  on  a 
horizontal  shaft,  which  by  suitable  mechanism  is  connected  with 
the  regulating  sluice.  The  vertical  bevel  wheels  obviously  rotate 
in  opposite  directions. 

E  is  a  double  clutch,  which  in  its  middle  position  is  free  of  both 
the  vertical  bevel  wheels;  but  which,  by  being  moved  to  one  side 
or  to  the  other,  can  be  made  to  lay  hold  of  either  of  those  wheels, 
so  as  to  make  that  wheel  communicate  its  rotation  to  the  horizontal 
shaft. 

C  is  a  second  fork,  projecting  from  the  vertical  shaft  D,  and 
clasping  the  clutch,  so  as  to  regulate  its  position. 

When  the  water  wheel  goes  faster  than  its  proper  speed,  the 
pendulums  rise,  lifting  along  with  them  the  revolving  cam  A,  which 
strikes  the  upper  and  right-hand  prong  of  the  fork  B,  and  drives  it 
towards  the  right,  together  with  the  second  fork  C,  which  shifts 
the  clutch  so  as  to  lay  hold  of  one  of  the  vertical  bevel  wheels,  and 
thus  causes  the  horizontal  shaft  to  rotate  in  such  a  direction  as  to 
close  by  degrees  the  regulating  sluice;  and  this  closing  goes  on 
until  the  water  wheel  has  resumed  its  proper  speed,  when  the  pen- 
dulums fiill  to  their  middle  position,  and  lower  the  cam  so  that  it 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then 
disengaged  from  both  wheels,  and  the  sluice  remains  in  the  position 
to  which  it  has  been  brought. 

When  the  water  wheJ  goes  slower  than  its  proper  speed  the 
pendulums  sink,  lowering  at  the  same  time  the  cam  A,  which 
strikes  the  lower  and  left-hand  prong  of  the  fork  B,  and  drives  it 
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towards  the  left;  together  with  the  second  fork  C,  which  shifts  the 
clutch  so  as  to  make  it  lay  hold  of  the  other  vertical  bevel  wheeL 
and  thus  causes  the  horizontal  shaft  to  rotate  in  such  a  direction  as 
to  open  by  degrees  the  regulating  sluice ;  and  this  opening  goes  on 
until  the  water  wheel  has  resumed  its  proper  speed,  when  the  pen- 
dulums rise  to  their  middle  position,  and  lift  the  cam  A  so  that  it 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then  dis- 
engaged from  both  wheels,  and  the  sluice  remains  in  the  position 
to  which  it  has  been  brought. 

143.   A  Gcacna  I^CMriptlon  of  TeHical  Wafer  Wlieela  will  now  be 

given,  and  illustrated  by  figures  of  those  forms  of  the  different 
classes  of  wheels  which  were  most  common  before  the  latest  im- 
provements, these  being  reserved  for  the  more  detailed  descriptions 
in  the  ensuing  sections. 

Vertical  water  wheels  may  be  classed  as  follows : — L  Overshoi 
wheels  and  breast  wheels,  being  vertical  wheels,  on  which  the  water 
acts  partly  by  its  weight,  or  by  potential  energy,  and  partly  by 
its  impulse,  or  by  actual  energy.  II.  Undershot  wheels,  being  ver- 
tical wheels,  on  which  the  water  acts  by  its  impulse.  The  follow- 
ing are  the  essential  parts  common  to  all  vertiad  water  wheels : — 
1.  The  axis  or  shaft,  and  its  gudgeons  or  journals.  2.  The  radiating 
parts  on  which  the  water  acts;  which  in  overshot  and  breast  wheels 
are  buckets  or  cells ;  in  undershot  wheels,  Jloats  or  vcmes.  3.  The 
arms  or  spokes  and  other  framework  by  which  the  buckets  or  floats 
are  connected  with  the  shaft.  The  channel  or  chamber  in  which 
the  wheel  works  is  called  the  wheel  race  or  wJieel  trough  Water 
wheels  are  protected  from  frost,  and  from  other  caiLses  of  stoppage 
and  injury,  by  being  enclosed  in  a  wJieel  house, 

I.  Overs/iot  and  Breast  Wheels, — The  water  is  supplied  to  this 
class  of  wheels  at  or  below  the  summit,  and  acts  wholly,  or 
chiefly,  by  its  weight.  The  periphery  of  an  overshot  wheel  con- 
sists of  the  sole  plate,  a  cylindrical  drum,  and  the  crowns,  being 
two  thin  vertical  rings,  connected  with  the  shaft  by  arms  and 
braces,  and  having  the  space  between  them  divided  into  cells  by 
curved  or  angular  trough-shaped  pailiitions  called  buckets.  The 
water  pours  from  the  pentstock  through  the  regulating  sluice,  some- 
times guided  by  a  spout,  into  the  openings  at  the  outer  edges  of 
the  circle  of  buckets,  filling  them  in  succession.  Formerly  the 
buckets  used  to  be  closed  at  their  inner  sides,  which  are  parts  of 
the  sole  plate,  but  now  they  are  made  with  openings  for  the  escape 
and  re-entrance  of  air.  While  the  buckets  are  descending,  part  of 
the  water  overflows  and  escapes,  and  this  is  a  cause  of  waste  of 
energy  :  as  each  bucket  anives  at  the  lowest  point  of  its  revolution, 
it  discharges  all  its  water  into  the  tail  race,  and  ascends  empty. 
A  breast  wheel  differs  from  an  overshot  wheel  chiefly  in  having 
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the  water  poured  into  the  buckets  at  a  somewhat  lower  elevation 
as  compared  with  the  sununit  of  the  wheel,  and  in  being  provided 
with  a  casing  or  trough,  called  a  breast^  of  the  form  of  an  arc  of  a 
cylinder,  extending  from  the  regulating  sluice  to  the  commencement 
of  the  tail  race,  and  nearly  fitting  the  periphery  of  the  wheel,  which 
revolves  within  it.  The  eflfect  of  the  breast  is  to  prevent  the  over- 
flow of  water  from  the  lips  of  the  buckets  until  they  are  over  the 
tail  race.  The  usual  velocity  of  the  periphery  of  overshot  and  high 
breast  wheels  is  firom  three  to  six  feet  per  second ;  and  their  avail- 
able efficiency,  when  well  designed  and  constructed,  is  from  0*7  to 
0'8.  The  diameter  of  an  overshot  wheel  must  be  little  less  than 
the  height  of  the  fall  of  water,  and  that  of  a  high  breast  wheel 
somewhat  greater ;  and  they  are,  consequently,  sometimes  of  enor- 
mous size.  A  few  exist  exceeding  seventy  feet  in  diameter.  Wheels 
of  this  class  are  the  best  where  there  are  large  supplies  of  water 
and  &ills  that  are  not  too  low. 

II.  Undershot  and  Low  Breast  Wheels. — ^Wheels  of  this  class  are 
driven  chiefly  by  the  impulse  of  water,  discharged  from  an  opening 
at  the  bottom  of  the  reservoir  with  the  velocity  produced  by  the 
£bl11,  against  ^oote  or  vanea  Every  such  wheel  has  a  certain  velocity 
of  mcudmwn  efficiency y  being  the  velocity  of  the  wheel  which  gives 
the  least  possible  velocity  to  the  discharged  water,  and  bearing  a 
ratio  to  the  supply- velocity  of  the  water  which  depends  on  the  form 
of  the  floats,  but  does  not  in  any  case  difler  much  from  ^.  In 
undershot  wheels  of  the  old  construction,  the  floats  are  flat  boards 
in  the  direction  of  radii  of  the  wheel,  and  the  maximum  theoretical 
efficiency  is  ^.  The  available  efficiency  is  much  less,  seldom  ex- 
ceeding 1^.  An  undershot  wheel,  provided  with  a  breast  or  casing 
extending  as  before  described  from  the  sluice  to  the  commencement 
of  the  tail  race,  becomes  a  low  breast  wheel,  in  which  the  water 
acts  partly  by  weight,  though  chiefly  by  impulse.  This  class  of 
wheels  was  much  improved  by  Poncelet,  who  curved  the  floats  with 
a  concavity  backwards,  adjusting  their  position  and  figure  so  that 
the  water  should  be  supplied  to  them  without  shock,  and  should 
drop  from  them  into  the  tail  race  without  any  horizontal  velocity. 
The  maximum  theoretical  efficiency  of  such  wheels  is  as  greM  as 
that  of  overshot  wheels,  but  their  available  efficiency  has  not  been 
foimd  to  exceed  0*6.  They  are  well  adapted  to  low  falls  with  lai^ 
suppUes  of  water. 

Fig.  48  is  a  general  view  of  an  overshot  wheel  of  the  old  con- 
sti-uction.  A,  spout;  B,  shaft  and  gudgeons;  C,  spokes;  D, 
crowns,  one  having  a  toothed  ring,  for  dnving  a  pinion,  and  so 
giving  motion  to  machinery ;  E,  sole  plate ;  F,  buckets ;  G,  tail 
race,  in  which  the  water  runs  in  the  direction  opposite  to  that  of 
the  motion  of  the  adjoining  part  of  the  wheel 
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Fi^  49,  50,  and  SI ,  Are  vertica]  Beotiona  of  part  of  the  rim  of  an 
overshot  vheel ;  fij^s.  49  and  50  showing  wooden  buckets,  and  fig. 


Tig.  ^a.     Elg.  60.     Rg.  &t. 

SI  iron  bocketa.  In  each  of  thene 
figures,  D  denotes  the  crown,  E  the 
sole  plate,  F  the  buckets. 

Two  methods  were  formerly  em- 
ployed of  preventing  the  air  in  the 
buckets  from  impeding  the  entrance 
of  the  yater;  one  was  to  make  a 
few  small  holes  in  the  sole 
plate,  and  the  other,  to  make 
the  wheel  broader  than  the 
apottt,  BO  that  the  air  could 
escape  at  the    ends  of   the 
buckets  while  the  water  en- 
tered in  the    middle.      The 
method  now  used  will  be  de- 
scribed in  the  sequel 

Fig.  52  ia  a  wooden  breast 
wheel  of  the  old  construction, 
with  flat  floats.  A ,  reserroir ; 
B,  sluice,  worked  hy  a  radc 
and  pinion ;  C,  breast  and 
wheel  trough ;  D,  wheel ;  E, 
tail  race,  in  which  the  water 
moves  along  with  the  wheel. 
The  water  acts  on  thifi  wheel 
partly  by  impulse  and  partly 
by  weight 

Fig.  53  is  an  underahot 
wheel  of  the  old  construction. 
A,  reservoir;  B,  sluice;  C, 
wheel  trough  ;  D,  wheel ;  E, 
t&il  race,  in  which  the  water 
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moves  along  with  the  wheel     The  water  acts  on  this  wheel  wholly 
^y  impulse. 

144.  iMipviM  of  Water  «■  Ta«e«  (partly  extracted  from  A.  M., 
648,  649). — ^The  action  of  water  "  by  impulse "  against  a  solid 


Fig.  65. 


Fig.  54. 


Fig.  5$. 


Fig;  57. 


Surface,  is  that  pressure  which  is  exerted  by  the- water  against  the 
surface  in  consequence  of  the  velocity  and  direction  of  the  motion 
of  the  water  being  changed  hy  contact  with  the  surface. 

The  direction  and  amount  of  the  pressiwe  exerted  by  a  jet  or 
stream  of  water  agaiikst  the  solid  surface  are  determined  by  the 
following  principles,  which  are  the  expression  of  the  second  law  of 
motion  (already  cited  in  Articles  14,  29,  30),  as  applied  to  this 
case : — 

I.  The  direction  of  that  pressure  is  opposite  to  the  direction  of 
the  change  produced  in  the  motion  of  the  stream  during  its  contact 
with  the  surface. 

II.  The  magnitude  of  that  pressure  bears  to  the  weight  of  water 
flowing  along  the  stream  in  a  second,  the  same  ratio  which  the 
velocity  j)er  second  of  the  change  in  the  motion  of  the  stream  bears 
to  the  velocity  generated  by  gravity  in  a  second  (viz.,  ^  =  32-2  feet 
per  second). 

It  only  remainaito  be  shown,  how  the  direction  and  velocity  of 
the  cliange  of  motibn  of  the  stream  are  to  be  determined. 

In  what  follows,  Mie  effect  of  friction  between  the  stream  and  the 
vane  is  supposed  to|  be  insensible. 


\ 
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In  each  of  the  figs.  54,  65^  56,  57,  A  represents  the  stream  or 
jet,  and  B  the  vaue.  Fig.  54  represents  the  case  in  which  the  vane 
guides  the  stream  in  one  definite  direction  E  F ;  and  the  solution 
of  this  case  leads  to,  or  comprehends,  the  solution  of  the  others. 
Figs.  55  and  57  represent  cases  in  which  the  vane  has  a  plane  sur- 
face, and  the  stream  glances  off  it  in  various  directions.  In  ^g.  55 
the  vane  is  perpendicular,  and  in  fig.  57  oblique,  to  the  direction  of 
the  stream.  Fig.  56  represents  a  concave  cup-shaped  vane,  turning 
the  stream  backwards.  Corresponding  lines  on  the  different  figures 
are  marked  with  the  same  letters. 

A  jet  of  fiuid  A,  striking  a  smooth  surface,  is  deflected  so  as  to 
glide  along  the  surface,  and  at  length  glances  off  at  the  edge  £,  in 
a  direction  tangent  to  the  surface  As  the  particles  of  fluid  in 
contact  with  the  surfiice  move  along  it,  and  the  only  sensible  force 
exei"ted  between  them  and  the  surface  is  perpendicular  to  their 
direction  of  motion,  that  force  cannot  accelerate  or  retard  the 
motion  of  the  particles,  relatively  to  the  surface,  but  can  only 
deviate  it. 

When  the  surface  has  a  motion  of  translation  in  any  direction 
with  the  velocity  w,  let  B  D  represent  that  direction  and  velocity, 
and  B  C  the  direction  and  original  velocity  v  of  the  jet.  Then 
D  C  represents  the  direction  and  velocity  of  the  original  motion  of 
the  jet  relatively  to  the  surface.  Draw  E  F  =  D  C  tangent  to  the 
surface  at  E,  where  the  jet  glances  off ;  this  represents  the  relative 
velocity  and  direction  with  which  the  jet  leaves  the  surface.  Draw 
F  G  II  and  =s  B  D,  and  join  E  G;  this  last  line  represents  the 
direction  and  velocity  relatively  to  the  earth,  with  which  the  jet 
leaves  the  surface,  being  the  resultant  of  E  F  and  F  G. 

I.  GenercU  Problem, — Draw  D  H  parallel  to  the  tangent  E  F, 

and  equal  to  D  C ;  then  will  the  base  C  H  of  the  isosceles  triangle 
C  D  H  represent  the  direction  and  velocity  of  the  change  of  motvon 
undergone  by  the  jet  during  its  contact  with  the  vane;  so  that, 
according  to  the  first  of  the  principles  already  laid  down, 

H  C  is  the  direcHon  of  the  pressure  exerted  by  the  jet  against 
the  vane ; 

and,  according  to  the  second  of  those  principles,  the  magnUude  of 
that  presstire  is 


DQ-^;, 


(1) 


when  D  Q  is  the  weight  of  the  flow  of  water  in  a  second. 

But  the  whole  magnitude  of  that  pressure  i^  of  less  importance 
than  the  magnitude  of  that  component  of  it/«rhich  is  an  effort  9s 
respects  the  vane  j  that  is,  which  acts  along  the  direction  B  D  of 
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the  vane's  motion.     To  find  that  effort,  H  C  in  equation  1  is  to  be 

replaced  by  its  projection  on  B  D,  viz.,  L  M ;  H  L  and  C  M  being 
perpendiculars  let  fall  on  B  D  from  the  two  ends  of  H  C.  There- 
fore, let  P  denote  the  effort  required ;  then 


P  =  DQ-^;. 


(2.) 


and  the  energy  per  second  exerted  by  the  jet  on  the  vane  is 


Pw  =  DQ- 


LMBD 


(3.) 


[In  fig.  55,  the  line  corresponding  to  L  M  is  simply  D  C,  the 
difference  between  the  velocities  of  the  jet  and  vane.] 
To  express  these  principles  algebraically,  let 

t?j  =  B  C  denote  the  original  velocity  of  the  jet ; 

w  =  B  D,  the  velocity  of  the  vane ; 

»  =  ,,£^  D  B  C,  the  angle  between  the  directions  of  those  veloci- 
ties; 

y  =  .^£:i:  M  D  H  ==  supplement  ^^^rr  E  F  G,  the  angle  which  a 
tangent  to  the  vane  at  the  edge  where  the  jet  leaves  it,  makes  with 
the  direction  of  motion  of  the  vane ;  then. 


B  M  =  Vj cos et'y  D  M  ==  r^ cos  »  —  w ; 
JTH  =  DC  =  V{«?  +  w2  -  2  w  ^1  cos  «}. 


D  Xj  =  —  D  H  cos  y  (in  which  it  is  to  be  observed,  that  cosines 
of  obtuse  angles  are  negative) ;  and,  consequently, 

L  M  =  i?i  cos  fl»  -  tt  —  cos  y  •  ,y  f  «;f  +  m^  —  2  w  t?i  cos  ee j ..  .(4.) 
P  =  D  Q  •  -  s  tJj  cos  »  --  ift  —  cos  y  • 


J  ^i-^-  v^  —  2  u  v^  cos  « j 


^ 


(5.) 


Pw  =  DQ'-'{  MVjCos 


_t*2- 


u  '  COS  y • 


^  [vf  +  w?  —  2  tA  t?i  cos  «] 


...(6.) 


If  the  final  velocity  of  the  water,  E  G  =  B  H,  be  denoted  by 
t?2,  its  value  is 
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From  whicli  it  is  evident  that  equation  6  is  equivalent  to  the 


following : 


P«  =  DQ-Hl^'; (8.) 


that  is,  tJiB  energy  exerted  hy  the  water  on  the  vcme  is  equal  to  the 
acttud  energy  lost  by  the  tvcUer,  a  consequence  of  the  assumption 
that  the  friction  is  insensibla 

The  EFFICIENCY  of  the  action  of  the  jet  on  the  vane  is  the  ratio 
of  the  energy  exerted  on  the  vane  in  a  second  to  the  (u^iujU  energy 
of  the  flow  in  a  second;  that  is,  its  value  is 

2(7  ^  j.(9.) 

'  =  2  —  •cos«i--5 -cosyA/  <  l+^r  — 2  —  cos« 

It  is  obvious  that  there  are  two  cases  in  which  the  efficiency  is 
nothing ;  first,  when  the  vane  stands  still,  or  u  r=  0 ;  and,  secondly, 
when  the  vane  moves  at  such  a  speed  that  P  =:  0 ;  that  is,  when 

u-r-Vi=z  cos  «  +  sin  «  cotan  y (10.) 

For  each  particular  pair  of  angles  »  and  y,  there  is  an  inter- 
mediate value  of  the  ratio  u  -r-  v^^,  which  makes  the  efficiency  a 
maximum.  The  determination  of  that  ratio  in  the  most  general 
case  involves  the  solution  of  an  equation  of  the  foui-th  order,  and  is 
not  useful  in  proportion  to  the  trouble  of  obtainiug  it.  The  ratio, 
therefore,  will  be  determined  in  those  particular  cases  only  which 
are  most  useful. 

II.  Case  wi  whicli  H  C  ||  B  D. — In  this  case,  the  pressure  exerted 
by  the  jet  on  the  vane  is  wholly  an  effort,  being  parallel  to  the 
direction  of  motion  of  the  vane.  In  order  that  it  may  be  so,  the 
angles  C  D  R,  H  D  M  =  y,  made  respectively  by  the  original  and 
iinal  motion  of  the  jet  relatively  to  tlie  vane,  with  the  direction  of 
motion  of  the  vane,  must  be  equal,  so  that 


and  equations  4,  5,  6,  7,  and  9,  become 

LM  =  2(riCos«-w); (11.) 

^^2DQ(t;tCQs«-.^)_ 


-'^ 
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^^^2DQu{v,cos.^u)   

v^  =  x^[«i  -  4  M  (t^i  COS  «  —  w)] ; (14.) 

^2g 

In  this  it  is  evident,  tliat  the  efficiency  is  nothing  when  u  w 
either  =  0,  or  =  v^  cos  «,  and  that  the  speed  of  greatest  efficiency  is 

Vy  cos  «  /1  /s  \ 

w=  -^-g — ; (1^0 

for  which  the  eflfort,  the  energy  exerted  per  second,  and  the  final 
velocityr  of  the  water,  have  the  values 

p^DQvj^os-  ,J7. 

g 
p^^DQ^c^. ^^8.) 

t;2  =  i?iSm«; (19.) 

and  the  greatest  ^ffldenoi/  itself  is 

1-A  =  C082« (20.) 

III.  Oase  of  a  Flat  Vane,  normal  to  the  Jet,  amd  moving  in  tJie 
same  direction  (^,  55). — In  this  case  the  water  glances  off  from  the 
edge  of  the  vane  in  all  directions;  cos  «  =  1;  cos  y  =  0;  and 
equations  5,  6,  7,  and  9,  become 

P  =  DQ-^; (21.) 

P«=DQ!ii^>; (22.) 

t>j  =  V(«?-2»»i  +  2  ««) (23.) 

l.;fc  =  2«^ijU^ (24.) 

The  greatest  effidenojr  evidentlj  takes  iJace  when 

«  =  5; (25.) 

and  in  that  case 
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P  =  ^^ m 

P«  =  ^; (27.) 


^ff 


.(2a) 


i-*  =  |; (29.) 

80  that  at  least  one-half  of  the  enei^  of  the  jet  is  lost. 

IV.  Case  of  a  Cup  Vane  (fig.  56). — Let  the  motion  of  this  vane 
be  in  the  same  direction  with  that  of  the  jet,  so  that  cos  «  =r  1 ; 
and  to  avoid  the  inconvenience  of  using  negative  quantities,  let 
^  =  y  —  90°  be  the  ctcu^te  angle  made  by  the  edge  of  the  cup,  all 
round  which  the  water  glances  off,  with  the  axis  of  the  cup ;  so 
that  —  oos  y  =  +  cos  /8.     Then  equations  4,  5,  6,  7,  and  9,  become 

LM  =  (t?!  -  w)  (1  +  cos  fi) ; (30.) 

P  =  D  Q  '^^^^^  •  (1  +  cos  iS); (31.) 

if 

Pm  =  D  Q-"(*'i-^)  (1  +008 /S); (32.) 

if 

«2  =   is/{«i  — 2  «  (»!  -  m)  •  (1+  COS  fi)] (33.) 


1      j.  _  2  «  (^?^  —  m)  •  (1  +  C08  /8) 


fj 


.(34.) 


The  speed  of  greatest  efficiency  is  obviously,  as  in  case  III., 


and  then 


«  =  ?; (35.) 


P  =  D  Q  •  |i^  •  (1  +  cos  (8)  ; (36.) 

P«  =  DQ-^- (1+008/9) ; (37.) 


"2 


=.^.^(i.l±^y, (38.), 

1-A=i±f^^ (39.) 


Fu=:-^.^^: (41.) 
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The  form  of  greatest  efficiency  for  the  vane  is  a  hemisphere,  for 
which  cos  ^  =  1 ;  and  then,  when  the  speed  of  greatest  efficiency  is 
maintained,  we  find 

^  =  -^-i (40.) 

2^  ' 

^2  =  0; (42.) 

1-^  =  1; (43.) 

being  perfect  efficiency. 

V.  Case  of  a  Flat  Vane,  oblique  to  the  Jet  (fig.  57). — In  this  case, 
the  easiest  method  of  solution  is  the  following  : — 

Let  t?'  =  D  0  be  the  velocity  of  the  jet  reUuivdy  to  the  vanCy 
found  as  in  the  general  case.  Let  the  angle  C  D  K  which  it  makes 
with  a  normal  to  the  vane  be  denoted  by  $. 

Besolve  v'  =  C  D  into  two  components,  viz.  : — 


le  =  i/  •  cos  ^ ;  I 
=  v'  •  sin  ^ ;      J 


D  K  normal  to  the  vane  = 

(44.) 
K  C  along  the  vane 


Then  according  to  the  supposition  that  friction  is  insensible,  K  C 

is  not  affected  in  magnitude  by  the  vane;  but  D  K  is  entirely  taken 

away ;  so  that  D  K,  in  fig.  57,  corresponds  to  H  C  in  fig.  54,  and 
represents  the  direction  and  velocity  of  the  entire  change  of 
motion  produced  by  the  action  of  the  vane  on  the  water.  Hence 
the  whole  pressure  exerted  by  the  water  on  the  vane  is  in  a  direc- 
tion normal  to  the  vane,  and  its  magnitude  is 

P  =  DQ.?^'. (45.) 

Now  let  u  be  the  velocity  with  which  the  vane  moves,  in  a  direc- 
tion making  the  angle  i  with  the  normal  to  its  surface;  then  the 
effort  of  the  water  on  the  vane  is 

P  =  F  cos  0  =  D  Q  • , (46.) 

if 

and  the  energy  exerted, 

■o          T^^    wt/cos^cosJ  ,^^. 

P  ^  =  D  Q  . _ ^47.) 

which  being  divided  byDQv?-£-2^,  asin  ftipner  cases,  gives  the 
efficiency. 

Another  mode  of  ai'riving  at  the  same  result  is  as  follows : — 
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Let  ^  be  the  angle  which  the  original  direction  of  the  jet  makes 
with  the  normal  to  the  vana     Then 

v'cos  ^  ssVi^  008  ^  — ucos  I; (48.) 

from  which  we  obtain 

P  =  D  Q  •  ^i0^i<^^-^o^K^ (49^ 

p  „  =  D  Q  .  t^t>t>C0H^C08i-««C0S«>  _.  ^^^ 

9 


u 


it' 


1-Aj  =  2— •cos^cosJ-2^  •  cos*  I 


V 


v\ 


(51.) 


The  speed  of  greatest  efficiency  is 


cos  i 


2  cos  )  '* 


(52.) 


giving  the  following  results  : — 

P^DQ.fLf^; (53.) 

P«  =  DQ.^^ (54.) 


4y 

1     « —     2—  V 


.(55.) 


which  is  independent  of  I, 

145.  Beat  form  of  T«ae  t*  recctve  jr«t. — In  all  water  wheels, 
whether  the  water  acta  chiefly  by  weight  or  chiefly  by  impulse,  it 
is  desirable,  in  order  to  reduce  to  as  small  an  amount  as  possible 
the  loss  of  energy  by  agitation  of  the  water,  that  the  jet,  on  first 
coming  in  contact  with  the  Vane,  float,  or  bucket  lip,  should  not 
strike  it,  but  glide  along  it. 

That  object  is  attained  in  the  following  manner  : — 
In  ^g,  58,  O  B  E  is  a  Tane,  float,  or  bucket,  moving  in  the 

direction  BD  with  the  velocity 
t£r=B  D.  A  is  a  jet,  moving  in  the 
direction    B  C    with    the    velocity 

v^ssB  C,  and  first  touching  the  vane 

at  and  near  the  point  B.  Join  D  C : 
then  that  line  will  represent  the 
direction  and  velocity  of  the  motion 
of  the  water  rdativdy  to  the  vaaie; 
and  of  what  shape  soever  the  vane 
Fig.  58.  may  be  elsewhere,  its  surface  at  and 

near  B,  where  it  first  receives  the 
jet^  should  be  parallel  to  D  C« 
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Poncelet's  Floats. — ^This  improvement  in  the  form  of  vanes  or 
floats  was  introduced  by  Poncelet,  and  applied  to  his  undershot 
wheels^  which  will  be  fiirther  described  in  the  sequel  The  prin- 
ciple is  applicable  to  all  wheels  whatsoever. 

The  following  consequences  of  the  principle  are  applicable  to  the 
case  No.  II.  of  Article  144,  in  which  the  angle  y=:N  D  H,  made 
by  the  edge  of  the  vane  where  the  water  glances  off,  with  the 
direction  of  motion  of  the  vane,  is  supplementary  to  the  angle 
which  is  made  with  that  direction  by  the  original  relative  motion 
of  the  jet.  This  condition  is  fulfilled  in  Pon(»let*s  wheels ;  for  the 
water,  after  running  up  towards  O,  to  the  vertical  height  due  to  its 
relative  velocity  D  C,  returns,  and  glances  off  at  the  edge  E  near 
B ;  so  that  D  H,  equal  and  opposite  to  D  C,  represents  the  direction 

and  velocity  of  its  final  motion  rdat'vely  to  the  vane,  and  B  |I  the 
direction  and  velocity  of  that  motion  rdcUivdy  to  the  ea/rth.  It  has 
been  shown,  in  the  division  of  Article  144  just  referred  to,  that 
the  sj^eed  of  greatest  efficiency,  neglecting  friction,  is 

V.  cos  « 

ti~  _i 
—        o       * 

it 

(where  «=r.^  C  B  N).  Therefore,  from  C  let  fEdl  C  N  perpendi- 
cular to  B  N ;  bisect  B  N  in  D,  and  join  D  C  ;  then  to  this  line 
the  vane,  at  and  near  BE,  would  have  to  be  made  parallel  if  there 
were  no  friction.  But  one  of  the  effects  of  friction  is  to  make  the 
speed  of  greatest  efficiency  somewhat  greater  than  \  v^  cos  « ;  and 
this  must  be  considered  in  designing  vanes,  as  will  be  shown  in  the 
next  Article. 

146.  Effect  of  Friction  daring  impniiio. — In  the  two  preceding 
Articles,  the  friction,  during  the  impulse  of  the  water  on  the  vanes, 
has  been  supposed  to  be  insensible.  Nothing  precise  is  known  of 
its  mode  of  action,  and  the  following  investigation  is  in  a  great 
measure  conjectural ;  but  its  residts  show  a  general  agreement  with 
those  of  experiment. 

Let  it  be  assumed,  that  the  friction  in  question  causes  a  loss  of 
energy  per  second  proportional  to  tlie  height  diie  to  the  velocity  of  the 
wcUer  relatively  to  the  vane;  which  velocity  is 

SC  =  J  f(t7i  cos  •  -  m)2  +  ^^  8in2  •}. 

Then  the  loss  of  energy  per  second  by  fiiction  may  be  repre- 
sented by 

X>Q /.  facos  «> - uf  +  vjam^  » ^^^ 

/being  an  unknown  co-efficient. 
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Let  the  case  under  consideration  still  be  Case  11.  of  Article  144, 
illustrated  in  fig.  58 ;  then  referring  to  equation  13  of  that  Article 
for  the  energy  exerted  on  the  vane  per  second  when  friction  is  not 
allowed  for,  it  appears  that,  after  deducting  loss  by  friction,  that 
energy  becomes 

t  3  L. (2.) 

,  (fj  cos  »  —  «)* +t^  sin*  jt  1    I 
-J-  Tj  /  J 

80  that  the  efficiency  is  reduced  to 

J  ^  ^  ^  4  t.  (t>,  COS  > - ./)  ^/(g^cos ^^:^,^^  ^  ,3  V 

From  this  expression  it  is  easily  found  that  the  speed  of  grecUesi 
efficiency/  haa  the  value 

2  +  /" 
^=  j-^y'^'icos'j (4-) 

being  greater  than  the  speed  of  greatest  efficiency  when  friction  is 
insensible,  in  the  proportion 

4 +  2/:  4+/ 

Suppose  that  the  speed  of  greatest  efficiency,  ttj,  for  a  given 
wheel  has  been  found  by  experiment.  Then  the  co-efficient  /  is 
given  by  the  formula 

4^^-2t?^   cos   at, r^v 

•^       ^t?jC08«— 1*1    ' 

which  value  having  been  substituted  in  equation  3,  gives  for  the 
greatest  efficiency, 

1  -. ;fc  =  2Kco8^-tO  __  4  tt, -2  f^i^s^    ^^2  ^     .g  V 

t;^  Vj  cos  «  -  Wj 

To  illustrate  this  by  a  numerical  example  :  Suppose  that  oos  « 
=  '99  ;  sin  tf  =  '125  ;  and  that  it  has  been  found  by  experiment 
that  u^f  instead  of  being  =  v^  cos  »  X  iy  cus  would  be  the  case  if 
there  were  no  friction,  is  v^  cos  «  x  0*6. 

Then  by  equation  5,/=  1 ;  and  by  equation  6,  1  -A;  =  0-78. 

This  result  is  approximately  verified  in  practice,  as  will  after^ 
wards  be  shown ;  and,  such  being  the  case,  it  appears  that,  in 

designing  float  boards  according  to  the  principles  of  Article  145,  B  1> 

should  be  made  =  f^  B  N.     (See  fig.  58.) 
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^47.   Direct  Action  dlstinf^isiieii  froai  Bcaction. — The   pressure 

which  a  jet  exerts  against  a  vane,  can  always  be  distinguished  into 

two  parts,  viz.  : —    . 

I.  The  pressin*6"ari8ing  from  the  changing  the  direct  component 
Vj  cos  cc  of  the  velocity  of  the  water  into  the  velocity  u  of  the  vane. 
This,  which  may  be  called  the  pressure  due  to  direct  impulse,  has 
always  for  its  value 


/ 


T,  =  1DQ-'-^^?^;  (1.) 

and  is  not  affected  by  friction  nor  by  any  other  cause ;  and  the 
energy  which  it  exerts  per  second  on  the  vane  is  always 

P,«  =  DQ-"<''>'^^"-"\ (2.) 

bearing  to  the  whole  actual  energy  of  the  water  the  proportion 

vi       ' ^^-^ 

whose  maximum  value,  viz., — 

cos*  »  ,.  . 

-2~' (^^ 


corresponds  to  the  speed, 


v,  cos  «  ,« . 

Wi  =  -^-2 — ' (^0 


For  a  fiat  vane  moving  normally,  as  in  fig.  55,  this  direct  <zction 
is  the  only  action  by  impulse  of  the  water  on  the  vane.  It  is  also 
the  only  action  by  impulse  when  water  enters  a  bucket  and  does 
not  immediately  glance  out  again,  but  continues  to  move  along  with 
the  bucket. 

II.  The  term  reaction  is  applied  to  the  additional  action  de- 
pending on  the  direction  and  velocity  with  which  the  water  glances 
off  from  the  vane.  It  is  this  which  is  diminished  by  the  friction 
between  the  water  and  the  vane,  or  amongst  the  particles  of  water 
which  act  on  the  vane. 

Still  referring  to  the  case  so  often  supposed,  in  which  the  water 
glances  off  at  the  same  obliquity  with  which  it  first  glided  on  to 
the  vane  (Article  144,  Case  II.),  it  appears,  from  equations  12,  13, 
and  15  of  that  Article,  that  if  friction  were  insensible,  the  pressure, 
energy,  and  eflBciency  due  to  reaction  would  be  simply  equal  to 
those  due  to  the  direct  action,  so  that  its  effect  would  be  to  double 
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♦»ach  of  these  quantities ;  and  it  appears  further,  from  Article  14(>, 
equations  2  and  3,  that  the  pressure,  energy,  and  efficiency  due  to 
reaction,  when  friction  is  considered,  are — 

A  dditional  efficiency — 

The  value  of  f^  in  the  case  of  Poncelet's  vanes,  for  which  «  is  a 
small  angle,  appears  to  be  nearly  =1.  It  is  not,  however,  to  be 
taken  for  granted  that  it  has  the  same  value  for  \anes  of  other 
forms.  It  is  probable,  on  the  contrary,  that /depends  in  some  way 
on  the  angle  «,  becoming  smaller  as  »  approaches  a  right  angle,  and 
also  that  it  depends  on  the  figures  of  the  vanes;  but  experimental 
data  are  wanting  to  determine  the  law  of  such  dependence. 

148.    KOIcicncT  of  Vertical  Water  VTheels  la  C^aeral. — ^As  respects 

the  laws  of  their  efficiency,  the  vertical  water  wheels  now  in  use 
belong  to  two  classes,  viz., — Weight  and  impulse  wheels,  com- 
jirising  overshot  and  breast  wheels;  and  impulse  wJieels,  being 
undershot  wheels. 

I.   Weight  and  Impulse  Wlieels. — Let  H  be  the  total  head,  and 

H,  =  (1-X/)H (1.) 

the  available  head  at  the  wheel,  as  reduced  for  losses  of  "head, 
according  to  the  principles  of  Article  99.  This  available  head  is 
to  be  distinguished  into  two  parts,  as  follows  : — 

H>=*<-^ (2-) 

^  being  that  portion  of  the  head  which  is  employed  in  giving  the 

water  the  velocity  with  which  it  is  delivered  to  the  wheel,  and  /* 
the  height  through  which  the  water  acts  directly  on  the  wheel  by 
its  weight. 

Let  u  be  the  velocity  of  the  circumference  of  the  wheeL  Then 
the  total  energy  of  the  available  fall  per  second  is  composed  of  that 
due  to  action  by  weight,  D  Q  ^,  and  that  due  to  direct  action  by 
impulse, 

9 
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and  of  that  energy  a  certain  fraction,  which  may  be  denoted  by  "k"^ 
is  lost  through  leakage  or  escape  of  water^  and  various  resistances 
which  can  only  be  ascertained  empirically ;  so  that  the  effective 
POWER  of  the  wheel  is 

Rj «  =  (1  - r)  P  «  =  (1  - FO  D  Q  {  A  + 'L(fi^2LfLJ^)  I  (3.) 

and  its  effective  load,  reduced  to  its  cii*cumferencey 

Rj  =  (1  -ft")  P  =  (1  -*")  D  Q  |^^«fa<^«-«)  I    .(4.) 

The  value  of  1  —  AT,  according  to  experiments  on  many  water 
wheels  made  and  recorded  by  Poncelet  and  G^eneral  Morin,  ranges 
from  '74  to  '82,  and  is  on  an  average 

(1-^0  =  -78  nearly (5.) 

The  EFFiciENCT  of  the  wheel  is 

%  ,     ,   t4(t?i00S»— «) 

1  ^le  =  (1 1^') ^ (6.) 

2^ 

It  ranges  from  about  '^^  to  '8  nearly. 

The  surface-velocity  u  of  the  wheel  is  fixed  by  considerations  of 
practical  convenience.  It  was  formerly  limited  to  3  feet  per  second, 
but  is  now  generally  6  feet  per  second,  or  thereabouts. 

The  velocity  of  supply  t;^,  corresponding  to  the  greatest  efficiency 
for  a  given  vadue  of  u,  is 

2m 


cos  «' 


.(7.) 


and  the  corresponding  greatest  efficiency  of  the  wheel, 

1  _  jk"  =  (1  _  ifc-") 1?= (1  _  ^•"') ?_ (8.) 

^9  9 

II.  Imjndse  wheels  are  to  be  distinguished  into  those  without 
and  those  with  reaction.  The  olAJlaJlnfloated  wndershot  whsel,  shown 
in  fig.  53,  is  an  example  of  an  impulse  wheel  without  reaction. 
The  formulsB  applicable  to  it  are  obtained  from  those  just  given, 
simply  by  making  A  =  0 ;  but  the  value  of  1  —  k^  for  it  is  only 
about  *66  or  *7^  so  that  its  greatest  efficiency  is  from  '33  to  '35. 
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The  improved  undershot  wheel,  or  "Fojicel^  wJied,**  is  an 
example  of  an  impulse  wheel  with  reaction.  The  principle  upon 
which  the  form  of  its  vanes  depends  has  been  given  in  Article  1 45,  and 
the  formulse  for  its  load,  its  work  per  second,  and  the  efficiencj  of 
the  action  of  the  water  upon  it,  in  Article  146,  supposing  k"'  ==  0. 
Taking,  as  in  Article  146,  the  co-efficient  of  friction /=  1,  and  multi- 
plying by  1  — k'"  to  allow  for  leakage,  &a,  we  find,  for  the  effec- 
tive LOAD,  POWER,  and  EFFICIENCY,  the  following  formulse : — 

Rj  =  D  Q  •  — •    <  (t7^  cos  «  —  u)'{5u  —  t?i  cos  ») — t;?  •  sin  «  > 

==J)Q}LZzKUuv^coa»---5u^^vt\ (9.) 

Ritt  =  DQ  -^^  (6tAi7iCos«  — 5w2  — t?;)  ....(10.) 

i-;^--^=(i_r)(6licos.-5^-i)(ii.) 

The  value  of  1  —  A;"',  by  the  experiments  of  Poncelet  aud  Greneral 
Morin,  has  been  found  to  be  nearly  the  same  as  for  overshot  and 
breast  wheels  \ — ^that  is,  it  ranges  from  about  -75  to  -8,  and  is  on 
an  average  about — 

l-.r=-78 (12.) 

The  speed  ofgrealest  efficiency  is,  as  stated  in  Article  146,  about — 

Wj  = '6  i?!  cos  « ; (13.) 

and  then  equations  9,  10,  and  11,  become — 

E,  =  (l-nDQm^,-3f^; (14.) 

Ri«i=  (l  —  r)  D Q^  .  (l8cos« «—  l); (15.) 

1  _  A"  =  -?i:i*t,  =  (l  _  k'^  .  (l-8  cos*  •  —  l) (16). 

Taking,  as  in  the  example  at  the  end  of  Article  146,  cob*  «=  '99, 
and  1  — k"=  '78,  we  find  for  the  greatest  efficiency: — 
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•78  X -78  =  -608; 

Ifl—F' =-75,  we  have- 
ns X  -78  =  -585  j 

and  if  1  —  ¥'  =  -8,— 

•8  X  -78  =  -624. 


(17.) 


When  a  water  wheel  works  ^'drownedf^ — that  is,  when  the  tail 
race  is  flooded,  so  as  to  immerse  the  lower  part  of  the  wheel,  the 
factor  1  — ^"'  is  reduced  to  about  0*6;  so  that  the  efficiency  of  a 
drowned  wheel  is  about  three-quarters  of  tluU  of  a  wheel  7wt  drowned. 

149.  Choice  of  a  ciaM  of  whecL — Taking  the  efficiency  of  that  ^ 
part  of  the  fall  which  acts  by  weight  on  a  weight-and-impulse 
wheel  at  0  8,  and  of  that  part  which  acts  by  impulse  at  0*4,  and 
the  efficiency  of  an  impulse  wheel  at  0*6,  it  is  evident  that  the 

>  efficient  than  the  impulse 

wheel,  according  as  the  portion  of  the  fall  of  the  former  which  acts 

by  impulse  is  <   ,         >  than  one-half     In  a  weight-and-impulse 

wheel,  also,  the  speed  of  the  wheel  should  be  about  half  of  that  of 
the  water  when  supplied;  that  is,  should  l)e  due  to  about  one- 
quarter  of  that  pai-t  of  the  fall  which  acts  by  impulse.     Therefore 

the  weight  and  impulse  wheel  is  <  >  efficient  than  the  impulse 

wheel,  according  as  the  height  due  to  the  surface  velocity  of  the 

wheel  is  <   i        >  than  one-eigluh  of  the  whole  fall  at  the  wheel. 

It  is  advisable  that  the  surface  velocity  of  a  water  wheel  should 
not  be  less  than  6  feet  per  second.  Eight  times  the  height  due  to 
this  velocity  is  about  4^  feet;  therefore  for  all  falls  not  exceeding 
this,  the  impidse  wheel  is  certainly  the  best ;  and  the  greater  the 
required  surface  velocity,  the  higher  is  the  limit  of  fall  up  to  which 
the  impulse  wheel  is  superior. 

The  rule  now  laid  down  is  of  course  only  to  be  followed  when 
there  is  no  good  reason  for  deviating  from  it. 

Section  2. — Of  Overshot  amd  Breast  Wheels,  It 

150.  Oyvniiot  and   Breaat  Wheels  distlafpiisheil. — In   order   that 

a  wheel  may  be  a  breast  whefel,  it  must  be  provided  with  the  "breast" 
or  circular  trough  mentioned  in  Article  143,  for  diminishing  the 
spilling  of  water  firom  the  buckets.  Although,  therefore,  the  term 
"overshot  wheel"   was  originally  employed  to  designate  those 
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wheels  only  in  which  the  penstock  is  above  the  level  of  the  top 
of  the  wheel,  so  as  to  shoot  the  water  over  the  wheel,  it  is  desirable 
that  it  should  now  be  extended  to  every  bucket  wheel  which  re- 
ceives the  water  at  a  high  part  of  its  circumference,  and  is  not 
provided  with  a  breast. 

The  necessity  for  a  breast  depends  on  the  form  and  dimensions  of 
the  buckets;  and  its  presence  or  absence  does  not  affect  the  prin- 
ciples of  the  action  of  the  wheel 

lol.   DeMriptloa  of  m  Br«aat  Wheel. — ^The  following  description 

of  a  breast  wheel,  which  may  serve  as  a  type  of  the  entire  class  of 
overshot  and  breast  wheels,  is  extracted  from  a  paper  by  Mr. 
Fairboim. 

Fig.  59  is  a  sectional  plan  of  the  wheel,  on  a  scale  of  about  -rrvth 

of  the  real  dimensions.  Fig.  60  is  a  vertical 
section  perpendicular  to  the  axis  of  the  wheel, 
on  a  scale  of  ttit;  and  fig.  61  is  an  enlarged 
vertical  section  of  some  of  the  buckets  and 
part  of  the  sole  plate.  The  wheel  shown  is  50 
feet  in  diameter,  the  greatest  available  fall 
being  48  feet. 

The  shrouding  of  the  wheel  is  suspended 
from  the  shaft  by  means  of  the  arms,  which 
are  slender  rods  of  wrought  iron,  in  this  case 
from  1^  inch  to  2  inches  in  diameter.  The 
weight  of  the  whe^l  exclusive  of  the  water  in 
the  buckets,  hangs  from  the  shaft  by  those 
arms  which  point  obliquely  or  directly  down- 
wards at  the  time.  The  inner  ends  of  the 
arms  are  inserted  into  sockets  in  a  cast  iron 
nave  or  boss,  and  are  fixed  and  pulled  tight 
by  means  of  cotters  or  wedges.  Some  of  the 
arms,  marked  a,  are  perpendicular  to  the  shaft, 
and  these  support  the  greater  part  of  the 
weight;  the  other  arms,  marked  6,  run  dia- 
gonally, and  sei-ve  to  give  stiffness. 

The  weight  of  the  water  in  the  buckets  is 
borne  by  the  pinion  which  transmits  motion 
to  the  machinery,  being  driven  in  inside 
gearing  by  the  cogged  ring  B.  In  the  present  example  the  pitch 
of  the  cogs  is  Z\  inches,  and  their  breadth  15  inches. 

This  improvement  of  using  tension  rods  instead  of  stiff  spokes, 
and  of  placing  the  pinion  so  as  to  support  the  weight  of  the  water, 
and  relieve  the  wheel  shaft  of  all  load  except  the  weight  of  the 
wheel,  is  ascribed  to  Mr.  Hewes.  It  has  greatly  diminished  the 
weight,  cost,  and  friction  of  large  water  wheels. 


F!g.  59. 


BEXABT  WHEEL. 


A  is  the  shuttle  or  regulating  sluice,  which,  as  descnbed  in  Article 
141,  IB  a  moveable  OTertkll  delivering  water  over  its  upper  (Mige, 


Fig.  60. 


and  moved  by  means  of  a  rack  and  pinion,  whose  motions  are  con- 
trolled by  the  governor.  The  figure  of  the  sluice  is  that  of  a  portion 
of  a  cylinder  concentric  with  the  wheel;  and  ao  also  ia  the  fig^r* 
of  the  front  of  the  i>enstock.  The  water  ia  delivered  into  the 
buckets  between  a  set  of  guide  blades,  like  the  bars  of  a  Venetian 
blind,  which  are  so  placed  as  to  cause  the  sti-eam  to  glide  into  the 
buckets  without  sinking  them. 

C  F  is  the  breaat,  to  prevent  the  spilling  of  water  from  the 
buekete.     Its  figure  is  part  of  a  cylinder  concentric  with  the  wheel. 

The  breast,  front  of  the  penstock,  and  edges  of  the  guide  blades, 
are  all  situated  in  one  cylindrical  surface,  as  close  to  the  circum- 
ference of  wheel  as  is  practicable  without  the  risk  of  actual  contact. 
About  0'4  inch  of  clearance  is  sufficient  for  that  purpose. 

At  the  point  F,  10  inches  back  from  a  vertical  lino  let  fall  frnm 
the  axis,  the  breast  terminates  with  a  sudden  drop  into  the  tail 
race  E.  The  depth,  from  the  lower  edge  of  the  breast  to  the  bottom 
of  the  tail  race,  is  about  two  feet.  This  allows  the  buckets  to  clear 
themselves  rapidly  of  water  before  beginning  to  ascend,  and  lets 
the  tail  water  escape  easily,  without  too  much  loss  of  head. 


180 


WATER  POWER  XSD  WIND  POWER. 


In  fig.  61,  buckets  are  shown  with  a  close  sole  plate,  and  a 

circular  air  -  passage 
between  the  sole 
plate  and  the  backs 
of  the  buckets,  hav- 
ing an  air  hole  into 
^*  ^^'  ^*  ^2-  it  from  each  bucket 

for  the  discharge  of  air,  while  the  bucket  is  filling  with  water,  and 
the  re-admission  of  air  while  the  bucket  is  discharging  its  water. 
This  construction  is  suitable  for  wheels  which  are  liable  to  be 
drowned  by  the  flooding  of  the  tail  raca 

Another  construction  of  vertical  bucket  is  shown  in  ^g,  62; 
the  sole  plate  being  dispensed  with,  and  each  bucket  having  an 
air-passage  behind  the  bucket  next  above,  opening  into  the  interior 
of  the  wheel. 

The  present  mode  of  ventilating  buckets  was  introduced  by  Mr. 
Fairbaim. 

152.  Diameter  of  iiii«el. — The  best  siirface  velocity  for  an  over- 
shot or  breast  wheel  being  about  6  feet  per  second,  and  the  best 
velocity  for  the  water  supplied  to  it  being  about  double  of  that,  or 
12  feet  per  second,  which  is  due  to  a  fall  of  about  2^  feet,  it  follows 
that  the  summit  of  the  wheel,  if  it  is  to  receive  the  water  exactly 
on  the  top,  should  not  be  more  than  2^  feet  below  the  top- water 
level  in  the  penstock.  The  bottom  of  the  wheel  should  just  clear 
the  water  in  the  tail  race.  Therefore  the  diameter  of  tie  wheel 
should  not  be  less  than 

Tlie  avaU(iblefall—2\  feet; (1.) 

and  this  applies  to  overshot  wheels  not  ventilated. 

But  in  order  that  the  water  may  not  escape  through  the  air- 
passages  of  wheels  with  ventilated  buckets,  it  is  advisable  that  the 
water  should  be  fed  to  the  wheel  at  about  30°  below  the  summit ; 
that  is  to  say,  at  a  depth  of  about  -933,  or  1  -r-  1-072  of  the 
diameter  below  the  summit.  Therefore,  for  such  wheels,  it  is 
advisable  to  make  ike  diameter  not  less  titan 

1-072  X  (available  fall— 21  feet); (2.) 

and  this  rule  will  answer  when  the  level  of  the  water  in  the  pen- 
stock is  not  subject  to  ike fluctiuUions  ofrnore  tJian  about  afoot. 

When  the  level  of  the  water  in  the  penstock  is  subject  to  greater 
fluctuations  than  this,  it  is  desirable,  in  order  to  facilitate  the  adjust- 
ment of  the  position  of  the  regulating  sluice  to  those  fluctuations, 
that  the  wheel  should  receive  the  water  at  a  place  where  its 
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circamfereuce  is  more  nearly  vertical ;  that  is,  at  from  60°  to  90° 
below  the  summit;  so  that  the  diameter  should  be 

Jroml^to2  x  (available  fall— 2^  feet) ; (3.) 

These  rules  are  not  given  to  be  implicitly  followed,  but  only  to 
guide  the  engineer  when  there  are  no  other  circumstances  to  fix 
his  choice  of  a  diameter  for  the  wheel. 

Ids.  Pinion  and  Cogged  Ring.  —  The  position  of  the  pinion 
should  be  such,  that  the  pUchrpoirU,  where  its  teeth  are  driven  by 
those  of  the  cogged  ring,  may  be  in  the  same  vertical  plane  pai'allel 
to  the  axis,  with  the  centre  of  gravity  of  the  mass  of  water 
contained  in  the  buckets. 

The  distance  of  the  centre  of  gravity  of  a  circular  arc  fix)m  the 
centre  of  the  circle  is  given  by  the  formula, 

Radius  x  chord 
length  of  arc    ' 

and  if  this  be  applied  to  an  arc  traversing  the  full  buckets,  midway 
between  the  sole  plate  and  the  outer  circumference  of  the  wheel, 
it  will  give  the  position  of  the  centre  of  gravity  of  the  descending 
water  very  nearly. 

It  would  be  desirable  that  there  should  be  a  pair  of  cogged  rings, 
one  at  each  side  of  the  wheel,  driving  a  pair  of  pinions,  in  order  to 
relieve  the  shaft  of  all  pressure  arising  from  the  weight  of  the 
water;  were  it  not  that  it  has  been  found  impossible  in  practice  to 
obtain  such  exact  fitting  of  the  two  rings  and  two  pinions  as  to 
insure  perfect  equality  of  pressure  and  smoothness  of  motion. 

154.  Strength  of  Oniigeons. — The  gudgeons,  or  ends  of  the  wheel 
shaft  on  which  it  turns,  have  each  to  bear,  when  the  wheel  is 
unloaded  and  at  rest,  one-half  of  the  weight  of  the  wheel.  When 
the  wheel  is  loaded  and  in  motion,  the  gudgeon  nearest  the  cogged 
ring  has  to  bear  half  the  weight  of  the  wheel  less  about  half  the 
weight  of  the  water,  and  the  gudgeon  farthest  from  the  cogged  ring, 
half  the  weight  of  the  wheel  added  to  about  half  the  weight  of  the 
water. 

Let  L  denote  the  greatest  actual  load  on  a  given  gudgeon  in 
pounds ;  then  if  its  length  is  from  five-sixths  of  its  diameter  to  about 
equal  to  its  diameter,  its  proper  diameter  in  inches  is  about 

165.  Strength  of  Arms. — The  weight  is  Supported  by  the  several 
arms  which  point  directly  or  obliquely  downwards,  very  nearly  in 
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the  proportion  of  the  squares  of  the  cosines  of  their  inclinations  to 
the  verticaL 

Let  i,  then,  denote  the  inclination  of  any  one  arm  to  the  vertical 
at  a  given  instant^  and 

2  'cos^t 

the  sum  of  the  squares  of  the  cosines  of  the  inclinations  to  the 
vertical  of  the  several  arms  which  point  downwards  at  the  given 
instant     Also,  let  W  be  the  total  weight  to  be  supported.     Then 

W 
2  'cos^i ^  '' 

is  the  greatest  tensioD  on  any  radial  arm,  at  the  instant  when  it 
comes  in  its  turn  to  point  vertically  downwards;  and  allowing 
10,000  lbs.  on  the  square  inch  as  a  safe  working  tension  on  wrought 
iron  bars, 

T 

ipoo (^-^ 

is  the  proper  sectional  area  for  each  radial  arm,  in  square  inches. 

Let  a  denote  the  least  inclination  to  the  vertical  of  each  of  the 
oblique  arms ;  then  the  proper  sectional  area  for  each  of  them  is 

10,000 ^  ^^ 

156.  Speed  and  Vliiieiiirioiis  ef  Shrevdlng.  —  The  least  surface 
velocity  for  overshot  and  breast  wheels  is  about  6  feet  per  second. 
Deviations  from  that  velocity  may  be  made  for  particular  purposes ; 
but  it  is  seldom  desirable  to  go  below  4^  feet,  or  above  8  feet  per 
second.  The  depth  of  the  shrouding  or  crowns  between  which  the 
buckets  are  contained,  lunges  &om  1  foot  to  If  foot,  its  most 'usual 
value  being  about  1^  foot.  Let  this  be  denoted  by  b.  It  is  also 
the  extreme  breadth  of  each  bucket,  measured  in  the  direction  of  a 
radius  of  the  wheel. 

Let  I  be  the  clear  breadth  between  the  crowns,  being  also  the 
cUa/r  length  of  each  bucket. 

Let  r  be  the  outside  radius  of  the  wheel ;  w,  as  before,  its  surface 
velocity. 

In  order  to  avoid  as  far  as  possible  the  waste  of  water  by  spilling 
from  the  buckets,  it  is  considered  that  only  about  two-thirds  of  the 
space  between  the  crowns,  on  the  loaded  arc  of  the  wheel,  ought  to 
be  filled  with  water.  The  wheel,  then,  carries  down  water  at  the 
iullowing  rate  per  second  (all  the  dimensions  being  in  leet)  : — 
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"^-h'K'-f^y <^> 


from  which  we  deduce  the  following  formula  to  determine  the  clear 
breadth  of  wheely  or  length  of  bucket j  I,  when  Q,  u,  r,  and  6,  are 
given : — 

1= 3Q 


2ub 


(■-^) 


(2.) 


157.  Figure  and  INniensimis  of  Bnekela. — ^The  general  figure  of 

buckets  has  already  been  illustrated  It  is  usual  to  make  the  dis- 
tance between  their  bottoms,  measured  along  the  sole  plate,  equal 
to  the  depth  of  the  shrouding  b. 

The  width  of  the  opening  between  the  lip  of  each  bucket  and  the 
front  of  the  bucket  next  above,  when  the  wheel  receives  the  water 

near  the  top,  may  be  made  =  •=  6;  but  the  lower  the  wheel  receives 

0 

the  water,  the  wider  must  that  opening  be  made ;  and  as  a  general 
rule,  when  the  inclination  to  the  horizon  of  the  wheel's  circum- 
ference at  the  place  where  it  receives  the  water  exceeds  24°,  the 
proper  width  is  about 

—  X  sin.  inclination. 
J 

158.  Galde  Blades  and  Reipilatar. — As  already  shown  in  fig.  63, 
the  water  is  supplied  to  the  wheel  between  a 
series  of  guide  blades. 

•  These  blades  are  from  three  to  four  inches 
apart,  and  their  lower  edges  come  within 
about  0*4  inch  of  the  wheel.  They  are  usually 
of  castiron,aboutthree-eighthsof  an  inch  thick. 

Their  positions  are  determined  by  the  fol- 
lowing method,  founded  on  the  principles  of 
Article  145 : — 

In  ^g,  63,  let  A  B  be  a  section  of  a  bucket, 
B  its  lip.  Draw  the  straight  line  B  D  H  a 
tangent  to  the  circumference  of  the  wheel ; 

and  make  B  D  =  te,  the  surface  velocity;  and 

BlL  =  2u,  Draw  D  L  parallel  to  a  tangent 
to  the  lip  of  the  bucket ;  draw  H  C  perpen- 
dicular to  B  H,  cutting  D  L  in  C;  join  B  C.  Fig.  63. 

Then  B  C  represents  the  best  velocity  v^  for  the  supply  of  water 
to  the  wheel ;  and  the  middle  outlet  between  the  seiies  of  guide 
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blades  is  to  be  placed  at  the  depth  below  the  topwater  level  in  the 
jxjiistock  due  to  that  velocity,  viz.  : — 

f (1.) 

Also,  .^  H  B  C  will  be  the  proper  angle  for  the  guide  blades  of 
the  middle  outlet  to  make  with  the  tangents  to  the  circumference 
of  the  wheel  at  the  points  where  they  meet  it,  in  order  that  the 
water  may  glide  into  the  bucket  without  collision.  It  appears  that 
the  co-efficient  of  contraction  for  orifices  between  guide  blades  is 
about 

c  =  0-75; (2.) 

consequently,  the  total  area  of  the  outlets  required  for  the  flow  Q, 
is  given  approximately  by  the  formula, 

40 

^  =  3V ^^-^ 

and  this  is  to  bo  provided  by  having  a  sufficient  number  of  outlets 
before  and  behind  the  middle  outlet. 

The  positions  of  the  guide  blades  for  these  outlets  are  found  as 
follows  : — 

Take  the  depth  of  the  narrowest  part  of  each  outlet  below  the 
topwater  level  of  the  penstock ;  compute  the  velocity  due  to  that 

depth  ;  from  B  lay  off  distances,  such  as  B  K,  B  L,  representing 
those  velocities,  so  as  to  find  a  series  of  points,  such  as  K,  L,  in  the 
line  D  C  L  ;  then  will  .^  H  B  K,  ^^  H  B  L,  be  respectively  the 
proper  inclinations  to  tangents  to  the  wheel,  for  the  guide  blades 

of  outlets  where  the  velocities  are  B  K,  B  L ;  and  so  on  for  other 
guide  blades. 

The  formula  3  gives  a  total  area  of  outlet  rather  greater  than  is 
absolutely  necessary;  but  this  is  the  best  side  to  err  on,  as  any 
excess  of  outlet  can  be  closed  by  the  regulator. 

Besides  computing  the  area  of  the  outlets  between  the  guide 
blades,  the  height  of  the  topwater  above  the  regulator,  necessary  to 
give  the  required  flow  Q,  treating  the  regidator  as  an  overfall  with 
the  co-efficient  of  contraction  0-7,  should  be  computed  by  the  for- 
mula 


^'-iz-^'y-' (*•) 


and  the  depth  of  the  upper  edge  of  the  lowest  guide  blade  below 

the  topwater  level  should  be  made  not  less  than  the  height  so  found. 

159.  Breast— Tail  Race. — ^When  the  width  of  the  opening  of  the 

bucket  is  only  about  one-fourth  or  one-fifth  of  the  depth  of  the 
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shrouding,  that  is,  -when  the  wheel  receives  the  water  within  about 
30^  of  the  top,  the  breast  is  unnecessary ;  biit  for  greater  openings 
of  the  bucket,  it  is  required. 

The  tail  race,  according  to  Mr.  Fairbaim,  should  commence  at 
10  inches  behind  a  vertical  line  let  fall  from  the  axis,  and  should 
be  at  least  1^  foot  or  2  feet  deep  at  the  commencement 

160.  The  EfflciencT  is  found  by  the  formulce  of  Article  148, 
putting  for  «  the  angle  H  B  C  of  fig.  63. 

As  a  small  proportion  only  of  the  energy  exerted  by  the  water 
on  an  overshot  or  breast  wheel  is  due  to  impulse,  the  loss  of 
efficiency  by  moderate  deviations  from  the  best  surface  velocity  is 
but  smalL  Thus,  although  the  surface  velocity  of  greatest  effi- 
ciency is 

v-i  cos  « 

it 

that  velocity  may  vary  between  the  limits 

0*3  (t?j  cos  «)  and  0*7  (vi  cos  «) 

without  any  important  waste  of  energy. 

If  the  aveitige  efficiency  of  overshot  and  breast  wheels,  designed 
and  constructed  in  the  best  manner,  be  estimated  at  0*75,  it  follows 
that  the  energy  of  the  available  fall,  from  the  penstock  to  the  tail 
race,  to  give  (m&  effective  horse-power ,  is  on  an  average, 

33,000  ,  ,  ^n/.  ^    .  7z 

•  ..         =  ^%w\jjoot'U)8,  per  miivute. 

161.  Overshot  ITheeh  at  High  Speeils   (^.    M.,   634). — In  a  few 

ca^es  of  not  very  ordinary  occurrence,  it  is  necessary  to  give  the 
wheel  so  great  a  speed  that  the  centrifugal  force  causes  a  sensible 
proportion  of  the  water  to  be  spilt  from  the  buckets  during  their 
descent. 

In  ^g.  64,  let  C  represent  the  axis  of  the  wheel, 
and  B  a  bucket.  Let  a  denote  the  angtUa/r  velocity 
of  the  wheel,  whose  value  is 

«  =  7 OO 

Take  C  A  vertically  upwards  from  the  axis,  to  re- 
present, as  given  by  the  equation 

^^^  u^  '"a2"'4x2w2' ^'^  Fig.64. 

where  n  is  the  number  of  revolutions  per  second.  Then  the  sur&ce 
of  the  water  in  the  bucket  is  perpendicular  to  A  B. 
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The  height  of  A  above  C  is  indepeudcot  of  evei;  circumst&nce 
except  the  time  of  revolution ;  being,  in  fact,  the  height  of  a 
tevolving  pmdulum  which  levolves  in  the  same  time  with  the 
wheel  (see  Article  19).  The  point  A  is  tlie  same  for  all  bnckets 
carried  hj  the  same  wheel  with  the  same  angular  velocity,  and  for 
all  points  in  the  surface  of  the  water  in  the  same  bucket,  whether 
nearer  to  or  farther  from  the  axis  C  ;  so  that  the  upper  surface  of 
the  water  in  each  bucket  is  part  of  a  cylinder  described  about  on 
axis  traverwng  A,  and  parallel  to  the  axis  of  the  wheel. 

By  drawing  a  vertical  section  of  the  circle  of  buckete  to  a  scale, 
finduig  the  point  A,  and  describing  arcs  about  It  to  represent  the 
sur&ce  of  the  water  in  each  bucket,  the  waat*  of  water  and  of 
enerf^  by  centrifugal  force  may  be  determined.  If  A  is  in  the  cir- 
cumference of  the  wheel,  no  water  can  enter  the  buckets. 

Section  3.-0/  UndersAot  WheeU. 

162.  DmcTipiivH  •(*>  psBceiu  wkrai. — The  wheel  rcnresented 
jn  fig.  65  is  one  erected  in  England  by  Mr.  Fairbairn,  auii  is  of  the 
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beat  design  in  every  respect  except  one,  viz.,  that  the  bottom  of  the 
■wheel  race  is  straight,  instead  of  being  cm-ved  in  a  manner  which 
will  be  described  in  Article  166, 

A  is  the  reservoir;  B,  the  wheel  race;  C,  the  r^ulating  sluice, 
held  against  the  presiauro  of  the  water  by  jointed  links,  Wlanced 
by  a  counterpoise,  and  moved  by  a  rack  and  pinion;  D,  the  wheel, 
having  a  i>air  of  crowns,  no  sole  plate,  and  a  serit*  of  curved  vanes; 
E,  the  tail  race,  with  a  drop  into  it  trom  the  end  of  the  wheel  race, 
as  for  a  breast  wheel. 

VbacL — When  not  fixed  by  other  considei:a- 
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tions,  it  is  usual  to  make  the  diameter  of  the  wheel  about  double 
the  fall 

164.  The  i)i«pih  jf  Shrouding  ought  to  be  sufficient  to  prevent  the 
water  which  glides  up  the  vanes  from  overflowing  their  upper  edges ; 
because  in  order  to  produce  the  best  efficiency,  the  water  should 
all  glide  down  again,  and  glance  off  at  the  Iowxt  edges  of  the  vanea 

The  best  velocity  of  the  water  relatively  to  the  vanes  is  about 
0*4  of  the  velocity  of  supply  v^ ;  but  to  provide  for  the  contingency 
of  that  velocity  amounting  to  O?  v^y  it  is  advisable  to  give  the 
shrouding  the  depth  due  to  0'7  v^;  that  is  to  say,  ahoiU  half  the 
depth  from  the  topvxUer  level  in  the  penstock  to  the  outlet  oftJie  duice. 

16o.  The  ReKulating  Alniee  is  placed  as  close  as  possible  to  the 
wheel,  and  is  consequently  inclined.  The  co-efficient  of  contraction 
c  of  its  outlet  (as  already  stated.  Article  140),  is  from  0*74  to  0*8 ; 
therefore,  the  depth  of  its  opening  is  from  four-thirds  to  five-fourths 
of  the  depth  of  the  stream  which  issues  from  it. 

The  greatest  depth  of  that  stream  should  not  exceed  about  one- 
fifth  of  the  depth  of  the  shrouding ;  therefore,  the  depth  of  opening 
of  the  sluice  for  the  Tnaximum  flow  should  be  about  one-fourth  of 
the  depth  of  the  shrouding,  or  one-eighth  of  the  depth  of  the 
centre  of  the  orifice  below  the  topwater  level. 

Let  Q  be  the  greatest  flow  to  be  used,  in  cubic  feet  per  second  j 

//,  the  depth  of  the  middle  of  the  orifice  below  topwater; 

d,  the  depth  of  the  orifice ; 

ly  the  lengilh  of  the  orifice,  or  breadth  of  the  opening  of  the  sluice; 
then 

Q  Q       .  . 


I 
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all  dimensions  being  in  feet. 

166.  The  Wheel  Race  is  designed  as  follows  (see  ^.  66)  : — 
Draw  H  F  G  a  tangent  to  the  wheel,  with  a  declivity  of  one  in  ten. 
This  declivity  is  to  preserve  the  velocity  of  supply  Vj^  undiminished. 

At  the  height  c  d  (Article 
165)  above  H  F  G,  draw 
K  L  to  represent  the  upper 
surface  of  the  stream,  meet- 
ing the  circumference  of  the 
wheel  at  the  point  L.  Then 
make  the  section  of  the  bot- 
tom of  the  wheel  race  from 
G  to  F  an  arc  of  a  circle, 
equal  to  G  L,  and  of  the 
same  radius;  that  is^  the 
radius  of  tlie  wheeL 


Fig.  06. 
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From  G  to  E  the  wheel  race  is  formed  so  as  to  clear  the  wheel 
by  about  0*4  inch. 

167.  The  Sarfiico  TeUcitr  of  the  wheel  for  the  greatest  efficien<iy 
has  already  been  stated,  in  Article  146,  to  be 

u^=  'Qv^^coset (^1.) 

In  this  expression  «  is  to  be  held  to  represent  the  mean  angle 
which  the  stream  makes  with  a  tangent  to  the  wheel,  which  is  very 
nearly 

1  ,     cd 
_  ara  verain.     - 

2  r 


»=  ^  ara  verain.     - (2.) 


168.  Tanes  or  Floats. — As  to  the  number  of  vanes,  from  two  to 
three  in  the  length  of  the  arc  L  G  are  in  general  enough. 

The  determination  of  the  proper  form  for  those  vanes,  near  their 
outer  edges,  has  already  been  explained  in  Articles  145,  146.  They 
are  usually  curved  in  a  circular  arc,  so  that  their  inner  ends  are 
tangents  to  radii  of  the  wheel 

169.  The  EOiciencr  has  been  stated,  in  Ai*ticle  148,  to  be  about 
0*6  when  the  wheel  is  not  drowned,  and  0*48  when  it  is  drowned. 
At  these  rates,  the  energy  of  the  available  fall  from  the  penstock 

to  the  tail  race,  for  each  effective  Jtorae-power,  is  I 

Foot-lbs.  per  minate.  i 

33,ooo 
For  the  undrowned  wheel, — — — =55,000 

33,000 
For  the  drowned  wheel, '■ — rQ"  =  ^S>750  \ 

170.  Wheel  la  an  Open  Cnirent. — Wheels   of   this    class   are  ^ 
carried  by  boats  moored  in  a  rapid  current.     Their  floats  are  usually 
])lane  and  radial,  and  flxed  at  distances  apart  equal  to  their  length 
in  the  direction  of  a  radius. 

According  to  the  experiments  of  Poncelet,  the  following  is  the 
useful  work  per  second  of  such  a  wheel ;  Vj  being  the  velocity  of  the 
current ;  u,  that  of  the  centre  of  a  float ;  A,  the  area  of  a  float  in 
square  feet ;  and  D,  the  weight  of  a  cubic  foot  of  water : — 

9 

According  to  this  formula,  the  velocity  of  the  centres  of  the  floats 
for  the  greatest  efl[iciency  is  half  the  velocity  of  the  current ;  and 
the  eflSciency  at  that  speed  is  0-4,  if  A  t?j  be  taken  to  represent  the 
volume  of  water  acting  on  the  wheel  in  a  second. 
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CHAPTER  VI. 

OF  TUBBINES. 

Section  1. — General  Frindplea. 

171.  Tnrblnes  Generallr  IlcMribcd  and  ClaMcd. — A  turbine  is  a 
water  wheel  with  a  vertical  axis,  receiving  and  discharging  water 
in  various  directions  round  its  circumference.  The  wheel  consists 
of  a  drum  or  annular  passage,  containing  a  set  of  suitably  formed 
vanes,  which  are  curved  backwards  in  such  a  manner,  that  the 
water,  after  glancing  off  them,  is  left  behind  with  as  little  energy 
as  possible. 

Turbines  have  the  advantage  of  being  of  small  bulk  for  their 
power,  and  equally  efficient  for  the  highest  and  the  lowest  falls. 

The  supply  of  water  takes  place  either  directly  from  a  reservoir, 
in  which  case  the  wheel  is  placed  close  to  a  suitable  opening  at  the 
bottom  of  the  reservoir,  or  through  a  supply  pipe  and  wheel  case. 
The  former  method  is  the  best  suited  to  moderate  falls,  the  latter 
to  very  high  falls. 

The  opening  through  which  the  water  is  delivered  to  the  wheel 
is  in  most  cases  furnished  with  guid^  blades,  to  make  the  water 
arrive  at  the  wheel  in  the  direction  best  suited  to  drive  it  efficiently. 

Turbines  may  be  divided  into  three  classes,  according  to  the 
direction  in  which  the  water  moves  before  reaching  the  guide 
blades,  and  after  learving  the  wheel,  viz.  : — 

I.  Parallel  Flow  Turbines,  in  which  the  water  is  supplied  and 
discharged  in  a  current  parallel  to  the  axis. 

II.  Outward  Flow  Turbines,  in  which  the  water  is  supplied  and 
discharged  in  currents  radiating  from  the  axis. 

III.  Inuyard  Flow  Turbines,  in  which  the  water  is  supplied  and 
discharged  in  currents  converging  radially  towards  the  axis. 

Those  three  classes  of  turbines  differ  in  certain  details ;  but  there 
are  general  principles  which  are  applicable  to  them  all,  and  general 
equations  which  are  adapted  to  any  one  of  them  merely  by  assigning 
suitable  values  to  certain  symbols  in  them.  The  diagrams  which 
will  now  be  given  show  the  general  arrangement  of  the  principal 
parts  of  each,  the  details  of  their  construction  being  reserved  until 
later. 

Fig.  67  represents  a  parallel  flow  turbine.      A  is  the  supply; 
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cbamber,  being  an  annular  passage  through  the  bottom  of  the 
reservoir,  which  contains  the  guide  blades ;  these  are  vertical  at 


.,  \   \  \  \   \  \ 

O      V         ^  \  ^  ^        j 


Fig.  67. 


Fig.  G9. 


Fig.  70. 


Fig.  71. 


their  upper  edges  :  the  form  and  position  of  their  lower  edges,  a.-^ 
shown  by  dotted  lines,  are  such  as  to  direct  the  water  in  several 
small  streams  or  jets  obliquely  against  all  parts  of  the  circum- 
ference of  the  wheel  B.  The  wheel  B  consists  also  of  an  annular 
passage  between  two  cylindrical  drums,  containing  a  series  of  vanes, 
resembling  the  guide  blades  in  shape,  but  turned  with  their  lower 
edges  pointing  backwards. 

Fig.  6S  Hbows  a  vertical  section  of  a  few  of  the  guide  blades  C, 
and  vanes  D, 

Fig.  69  is  a  horizontal  section  of  part  of  an  outward  flow  turbine ; 
A  is  the  supply  chamber,  being  a  vertical  cylinder  with  a  ring  of 
openings  round  its  lower  end  ;  C  are  the  guide  blades  for  directing 
the  water  obliquely  forwards  as  it  rushes  out  of  these  openings ;  B 
is  the  wheel  surrounding  the  ring  of  openings,  and  consisting  of  a 
pair  of  crowns,  or  flat  rings,  with  a  series  of  curved  vanes  D  between 
them;  these  vanes  are  radial  at  their  inner  edges,  and  directed 
obliquely  backwards  at  their  outer  edges. 

Fig.  70  represents  a  plan  of  one  form  of  the  reaction  wheel — a 
kind  of  outward  flow  turbine  without  guide  blades.  The  water  is 
conducted  by  a  vertical  supply  pipe  A  into  the  centre  of  a  rotating 
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hollow  disc,  provided  with  two  or  three  hollow  arms,  which  dis- 
chorge  the  water  through  orifices  directed  backwards.  In  the 
figure,  the  hollow  disc,  and  its  two  arms  B  B,  are  shown  of  such  a 
form  as  to  leave  the  largest  possible  space  for  the  motion  of  the 
water  firom  the  centre  of  the  disc  towards  the  circumference,  in 
order  to  avoid  friction,  and  for  other  reasons  which  will  afterwards 
appear.  C,  C,  are  the  orifices.  The  circumferences  of  the  arms 
B,  B,  here  perform  the  functions  of  vanes. 

Fig.  71  is  a  horizontal  section  of  an  intocvrd  flow  turbine,  A  is 
the  supply  chamber ;  C,  one  of  the  guide  blades,  directing  the  water 
obliquely  forwards  against  the  wheel ;  B  is  the  wheel,  occupying  a 
central  space  surrounded  by  the  supply  chamber,  and  dischaiging 
the  water  through  openings  in  its  centre ;  it  consists  of  a  pair  of 
crowns  with  a  set  of  curved  vanes  D  between  them  :  these  vanes 
are  radial  at  then*  outer  ends,  and  are  directed  obliquely  backwards 
at  their  inner  ends. 

In  treating  of  the  theory  of  the  efficiency  of  turbines,  it  will  be 
assumed  that  they  are  constructed  of  the  forms  and  proportions, 
and  worked  in  the  manner  most  favourable  to  efficiency,  according 
to  rules  which  will  presently  be  explained.  The  waste  of  power 
caused  by  deviations  from  those  rules  can  afterwards  be  allowed  for 
by  means  of  empirically-foimd  multipliers. 

172.  By  Telocity  of  Flow  is  to  be  understood  the  velocity  of  that 
component  of  the  motion  of  the  water  by  which  it  is  carried 
towards,  through,  and  away  from  the  wheel ;  that  is,  the  com- 
ponent, whether  parallel  to  the  axis  or  radial,  which  is  at  right 
angles  to  the  motion  of  the  vanes. 

Let  A  denote  the  total  effective  sectional  area  in  square  feet  of 
the  orifices  through  which  the  water  passes,  whether  in  the  wheel, 
or  amongst  the  guide  blades,  os  measured  upon  a  surface  perpen- 
dicular to  the  direction  of  the  flow;  that  is,  in  a  parallel  flow  tur- 
bine, on  a  plane  perpendicular  to  the  axis,  and  in  an  outward  or 
inward  rad^  flow  turbine,  on  a  cylindrical  surface  described  about 
the  axia 

Let  Q  be  the  volume  of  water  used  in  cubic  feet  per  second. 
Tlien 

Q-h  A (1.) 

is  the  velocity  of  flow. 

Inasmuch  as  sudden  changes  in  the  velocity  of  a  stream  are 
accompanied  with  waste  of  energy,  it  is  desirable  that  the  velocity 
of  flow  should  either  be  constant,  or  change  slowly  during  the 
passage  of  the  water  through  the  wheel. 

In  parallel  flow  turbines,  such  as  fig.  67,  the  velocity  of  flow 
would  be  made  constant,  if  the  vanes  were  insensibly  thin,  by 
making  the  drum,  or  annular  case  containing  the  vanes,  simply 


J^ 
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cylindiical ;  but  owing  to  the  obliquity  of  the  vanes  at  their  lower 
edges,  they  occupy  more  of  the  passage  there  than  at  their  upper 
edges;  so  that  the  drum  has  to  be  made  to  spread  a  little  at  its 
lower  end,  as  will  be  shown  afterwards  in  the  detailed  figure.  ' 

In  radial  flow  turbines,  the 

uniformity  of  the  velocity  of  flow 

may  be  insured  by  making  the 

vesical  section  of  the  drum  of 

h^.._^  the  wheel  of  the  shape  shown  in 

^ fig.  72;  that  is  to  say,  let  O  X 

be  the  axis ;  O  K  a  radius  at  the 
middle  of  the  depth  of  the  wheel ; 
the  vertical  sections  M  N,  P  Q, 
of  the  rings  or  crowns  between 
F'g  72.  -which  the  vanes  are  carried  are 

to  be  portions  of  hyperbolas  having  O  X  and  O  R  for  asymptotes ; 
or  in  other  words,  the  depths  of  the  inside  and  outside  circum- 
ferences of  the  wheel,  M  P,  N  Q,  are  to  be  inversely  as  their  respec- 
tive radii. 

Out  of  the  available  head  h^  in  the  supply  chamber,  there  will  be 
expended  to  produce  the  velocity  of  flow,  when  that  changes 
gradually  or  not  at  all, 

^'      (2.) 


2gAV 

where  Aj  denotes  the  sectional  area  of  the  stream  where  it  leaves 

the  wheeL 

173.  TelocitT  of  Whirl. — Let  V  denote  the  whirling  or  tangerUtal 
component  of  the  velocity  with  which  the  water  issues  from 
between  the  guide  blades  and  arrives  upon  the  wheel.  This  is  the 
velocity  which  would  be  computed  by  dividing  Q  by  the  sum  of  the 
effective  areas  of  the  openings  between  the  guide  blades,  as  measured 
upon  the  planes  marked  E  F  in  fig.  6S.  It  is  evident  that  the 
velocUy  of  JUm  has  the  following  value  in  terms  of  this  inilixd  velo- 
city of  whirl : —  

—  —  T7  •  .^^_  =  V  •  tan  et- (1.; 

A  EG 

«  =  ^^  F  G  E  being  the  inclination  of  the  guide  blades  to  the 
direction  of  the  whirling  motion. 

The  ordinary  values  of  »  range  from  22^^  to  35°  in  different 
examples;  and  about  30°  may  be  taken  as  an  average  value. 

In  order  that  the  water  may  work  to  the  best  advantage,  it 
should  enter  the  wheel  without  shock,  and  leave  it  without  whirl- 
ing motion;   for  which  purpose,  the  velocity  of  whirl,  on  first 
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entering  the  wheel,  should  be  equal  to  that  of  the  first  circum- 
ference of  the  wheel,  and  the  vdodUy  of  whirl  rdaiivdy  to  the  whed, 
on  leaving  the  wheel,  should  be  eqiuil  and  contraiy  to  that  of  the 
second  eircumference  of  the  wheel. 

Consequently,  the  ratio  of  the  latter  of  these  velocities  (u?)  to  the 
former  (y\  should  be  that  of  the  radius  of  the  discharging  side  of 
the  wheel  to  the  radius  of  the  receiving  side.  Let  n  denote  that 
ratio;  then  w  =:nv;  in  which, 

for  a  parallel  flow  turbine,       n  =  1 ;  1 

for  an  outward  flow  turbine,  n::^  I;  [ (2.) 

for  an  inward  flow  turbine,    n  ..^  1 ;  J 

and  if  the  drum  is  made  of  that  figure  which  causes  the  velocity  of 
flow  to  be  uniform,  the  angle  fi  =  ^^  H  K  L  in  fig.  68,  which  the 
hinder  edges  of  the  vanes  make  with  a  tangent  to  the  wheel,  should 
have  the  value  given  by  the  equation 


.       .      HK      tan«  ,« . 

tan  /8  =  — ^^-  = : (3.) 

HL  n     '  ^   ^ 


and  as  H  L  =  n  •  E  G,  this  formula  is  equivalent  to  the  follow- 
ing :—  

H  K  =  E  F (3  A.) 

174.  BfldcBCT  withont  FrictioB. — The  following  investigation 
has  reference  to  the  case  in  which  the  supply  of  water  is  sufficient 
to  fill  the  orifices  and  channels.  Eeference  will  be  made  in  it  to 
the  principle  of  the  eqtudity  qfangtdar  impulse  cmd  cmgular  momerir 
turn — ^a  consequence  of  the  second  law  of  motion,  which  will  now 
be  explained  {A,  if.,  560,  561,  562). 

Let  a  body  whose  weight  is  W  move  with  a  velocity  V  in  a  given 
direction  relatively  to  a  point  C ;  let  r  denote  the  length  of  a  per- 
pendicular let  fall  horn  C  upon  a  tangent  to  the  path  of  the  body 
Ws  motion. 

Then  the  anfftda/r  momentum  of  W  relatively  to  C  means  the 
quantity 

WYr 


Let  M  denote  the  momerU  of  a  couple  of  equal  and  opposite,  but 
not  directly  opposed,  forces ;  that  is,  the  product  of  their  common 
magnitude  into  their  cMrm  or  lever,  which  is  the  perpendicular  dis- 
tance between  the  lines  along  which  they  act. 

The  cmgvla/r  impulse  of  such  a  couple  means,  the  product  of  its 

o 


194  WATEB  POWER  Am)  WIND  POWER. 

moment  into  the  time  during  which  it  acts.  To  produce  a  gi^en 
change  in  the  angular  momentum  of  a  body,  an  equal  angular 
impulse  is  required — a  principle  expressed  hy  the  equation 

Mdt  =  —  'd(Vr) (1.) 

To  apply  this  to  the  action  of  water  on  a  turbine,  the  weight  of 
water  acting  in  a  second  (DQ)  is  to  be  ascertained;  when  the 
moment  of  the  couple  exerted  between  it  and  the  wheel  will  be 
measured  simply  by  the  change  which  its  angular  momentum 
undergoes  in  passing  through  the  wheel 

The  product  of  that  couple  into  the  angular  velocity  of  the  wheel 
a  is  the  energy  exerted  by  the  water  on  the  wheel  in  a  second 
(Article  5). 

I.  Computation  of  the  Energy  Exerted  by  the  Water  on  the  Wheel, 
— Let  r  bie  the  radius  of  the  wheel  where  it  receives  the  water. 
(For  parallel  flow  turbines,  the  meam,  radius  may  be  taken.)  Then 
w  r  is  its  radius  where  it  discharges  the  water,  and  a  r,  and  nar, 
are  its  two  surface  velocities. 

Then,  the  velocity  of  whirl  of  the  water  when  it  enters  the 
wheel  being  v,  its  initial  angular  momentmn  per  second  is 

DQv_r 

9       ' 

and  as  the  velocity  of  whirl  of  the  water  when  it  leaves  the  wheel, 
as  determined  by  the  conditions  of  Article  173,  is 

n  a  r  —  te>  =  7»  (a  r  —  v), 

its  final  angtdar  moTnentum  per  second  is 

D  Q  n^  (a  r  —  1?)  r 

9  ' 

the  difference  between  these  quantities,  being  the  moment  of  the 
couple  exerted  between  the  water  and  the  wheel,  is 


M  =  DQ-^^^"^""-"'^'^; ^2.) 

if 


TN  ^    (1  +  w^)  V  r  —  n*  a  r* 
=  DQ  '- ^ ! 

and  the  energy  exerted  per  second  by  the  water  on  the  wheel  is 

M a  =  D Q  •  il±^^^^^i-li^i^ (3) 

The  factor  by  which  D  Q  is  multiplied  in  equation  3  is  the 
effective  head,  neglecting  friction. 
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II.  CompuJtaiion  of  the  Energy  Expended. — This  calculation  is 
best  made  by  finding  the  head  required  to  produce  the  various 
velocities  that  are  given  to  the  water. 

To  produce  the  Jinal  velocUt/  of  flow  n  v  tan  fi,  there  is  required 
the  head 

w*  «2  tan*  fi-i-  2g, 

To  produce  the  initial  velocity  of  whirl  v,  there  is  required  the 
head 

f^^2g. 

^     To  produce  the  reversed  relative  velocity  ot  whirl  with  which  the 
water  leaves  the  wheel,  w  =  nv,  there  is  required  the  head 

n^i^  -i-2g; 

and  to  balance  centrifugal  force,  the  head 

a2r2(l-»2)-r2i^, 

(  negative  \        (  outward  flow  \ 

which  is    <  nothing  >  for  <  parallel  flow  >  turbines. 

(  positive  j        (  inward  flow  j 

Putting  these  quantities  of  head  together,  we  find  for  the  head 
in  the  eiipply  chamber , 

h^  =  -^i^{l+n^  +  n^tsin^0)v^  +  {l-'n^)a^7^\;...{i.) 

if 

for  the  energy  expended  at  the  wheel,  per  second, 

DQA,; (5.) 

and  for  the  eppicienct  (neglecting  friction). 

Ma    _           2{l'}-n^)avr-2n^a^f^ 
DQ/ti"(l-f  w2  +  watan2/3)«2  +  (l-w2)a2r2- ^^'^ 

The  above  are  general  expressions  for  all  turbines  with  guide 
blades.     For  parallel  flow  turbines,  they  become 

^i  =  -^(2  +  tan2/3)t;2. (7.) 

^g 

'M.a_^4:avr  —  2a^r^  .. 

DQAi  ~    (2  +  tan2^)»2  ^  ^^ 

By  the  aid  of  equation  4,  v  can  be  expressed  in  terms  of  h^  and 
a  r,  80  as  to  transform  equations  6  and  S,  as  follows : — 
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^^/^^^^^.  ,9X 

ar 
Let    ,  ^    ,   =  «,  then, 

which^  when  n  =  1,  becomes 

M» 4« J 

I>QAi-/2+^SS2^"^* ^'^-^ 

The  efficiency  of  the  reaction  wheel  is  a  special  caae^  which  will 
be  considered  in  Article  176.   , 

175.  The  GreacMt  EacicBcj  with«at  FricUoa  is  attained,  as  has 
been  stated  in  Article  173,  when 

V  =  ar (1.) 

Substituting  this  value  •£  v  in  equation  4  of  the  last  Article,  we 
find 

Ai=(2  +  n2tan«/J)-^; (2.) 

and,  consequently,  the  surflaoe  velocity  of  the  whee],  where  it  re- 
ceives the  water,  should  be 

-  =  \/(2+i&-.) (^•) 

So  that  in  equations  10  and  11, 

1 

*"  ^2  +  w2tan2/3* 

The  efficiency  corresponding  to  this  speed  is 

M<J^ 2 

DQAi'"2  +  w2tan2/3""^^' ^*-^ 

showing  that  the  only  energy  lost  is  that  due  to  the  final  velocity 
of  flow,  n  V  tan  fi  =  nar  tan  /8. 

The  following  table  shows  some  values  of  the  best  speed  as  com- 
pared with  the  speed  due  to  the  whole  available  head,  and  of  the 
greatest  efficiency,  neglecting  friction,  for  a  few  values  of  the 
obliquity  fi  of  the  vanes,  and  on  different  suppositions  as  to  the 
value  of  n : — 
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,  for  i      a  Ma        _  . 

nt\        «=1       "*^^  ^        50^  =  '^- 

20°  36°  -364  -685  '93 

25° '  43°  •466  '672  '90 

30°  49°  -577  -655  -86 

35°  54°i  700  -^34  -80 

The  proportion  w  =  ^  2  is  usual  in  outward  flow  turbines,  such, 
as  Foumeyron's;  w  =  ^  is  usual  in  inward  flow  turbines,  such  as 

Thomson's  vortex  wheel 

The  case  of  w  =  1,  /8  =  30*',  is  very  nearly  that  of  Fontaine's 
parallel  flow  turbines.  Theory  gives,  as  the  above  table  shows,  for 
the  best  velocity  of  the  wheel,  at  the  middle  of  the  ring  of  vanes, 

ar=  '655  jT^, (5.) 

The  experiments  of  General  M orin  give 

ar='G4:5  J2g?^; 

and  the  agreement  is  as  close  as  can  be  expected. 

176.  The  Reaction  Wheel  is  equivalent  to  an  outward  flow  tur- 
bine in  which  /3  =  0,  r  =  0,  «  =  0;  while  for  7>r  is  to  be  substituted 
r',  the  radius  from  the  axis  to  the  centres  of  the  orifices ;  for  w  t?  is 
to  be  put  w,  its  original  symbol ;  for  w«  is  to  be  substituted 


Then  for  the  relodly  of  outflow  of  the  water  from  the  orifices, 

we  have  

u>=  J2gk^  +  a^f^=  71  +  a^   ^2gh; (1.) 

and  for  the  efficiency,  neglecting  friction. 

Ma  2z' 


I>QAi     *'+^/l+«^■ 


.(2.) 


This  expression  increases  towards  the  limit  1,  or  perfect  efficiency, 
as  i^  increases  without  limit ;  so  that  if  there  were  no  friction,  the 
efficiency  of  a  reaction  wheel  would  have  no  maximum,  but  would 
increase  towards  unity  as  the  velocity  increased  without  limit 

177.  Elllclescy  ef  Tarblnee,  Altowin^  f«r  FrictfoM. — ^L    ForoUd 

FUnjo  2WWn».— The  feet  stated  in  Article  175,  that  the  best 
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actual  speed  of  these  ttirbines  is  the  same  with  that  calculated  in 
the  supposition  that  there  is  no  friction,  shows  that  the  loss  of 
energy  by  friction  may  be  allowed  for  by  multiplying  by  a  conntant 
£i«tor,  less  than  unity. 

From  the  experiments  of  General  Morin  and  others,  it  appeara 
that  the  value  of  that  fisu^tor  is  nearly  the  same  as  for  the  best  over- 
shot  and  undershot  wheels ;  that  is  to  say,  (1  -  k**)  =  from  *75  to  '8, 
with  an  average  value  of  about  '78. 

If  we  multiply  the  efficiencies  in  the  table  of  Article  175,  corre- 
sponding to  n  =  1,  /9  =  25%  and  30%  we  find  the  following  results, 
which  agree  well  with  experiment : — 


/3  2s^  75  78  -8 

25°  '90  -675  702  72    )  resultant 

30*'  -86  -645  -671  -688  J  efficiency. 

II.  Inwa/rd  Flow  Turbines, — In  these  turbines,  the  co-efficient 
(1  —  k')  appears  to  be  about  the  same  as  for  parallel  flow  turbines ; 

which,  for  /3  =  36%  n  =  -,  gives,  as  the  average  resultant  efficiency, 

about  *73 — a  conclusion  confirmed  by  practical  experience. 

III.  OvJbvoofrd  Flow  TwrbinaSy  which  generally  work  drowned, 
lose  in  overcoming  fluid  friction  a  quantity  of  work  per  second, 
which  has  been  shown  by  Poncelet,  and  by  Creneral  Morin,  to  be 
proportional  to  the  volume  of  flow,  and  to  the  height  due  to  the 
velocity  of  the  outer  circumference  of  the  wheel.     That  velocity 

being  denoted  hj  nar  =  nz  J  2 gh^^,  the  loss  of  work  per  second 
by  friction  is 

/DQ-*^=/DQn««*Ai; (1.) 

being  the  fraction /n^  s^  of  the  energy  expended. 

y*is  a  co-efficient  of  friction,  whose  value,  as  deduced  from  experi- 
ments by  General  Morin,  is  nearly 

/=  0-25. 

This  cause  of  loss  of  work  not  only  diminishes  the  efficiency  of 
the  turbine,  but  diminishes  very  considerably  the  speed  of  greatest 
efficiency. 

Subtracting  /n*  «*  from  equation  10  of  Article  174,  we  find  for 
the  actual  efficiency  of  an  outward  flow  turbine,  at  any  given 

velocity  a  r  =  «  ^  2  ^  A^  of  its  inner  periphery,  the  value 
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Ma 


^Vr^±]):^i^^E:zM-.^2+/)n^^{2,) 


The  following  are  the  results  of  investigating  the  conditions 
-which  make  this  quantitj  a  maximum  : — 

Let  a^r^z^J2ghi'be  the  best  speed 
For  brevity's  sake,  let 

Then 

and  the  greatest  efficiency  is  given  by  the  formula 

DQAi~^^         2(7i2-_i)     W 

Asa  numerical  example  and  verification  of  these  formulae,  the 
case  may  be  taken  of  a  Foumeyron*s  turbine,  for  which 

w^  =  2  nearly; 
/=0-25; 

n^  tan^  '^  =  «  nearly. 
Using  these  data,  we  find  U  =  3*16,  and,  consequently, 

Etliciency, 

res\ilts  which  exactly  agree  with  those  of  experiment. 

lY.  Beaciion  Wheel. — If  we  assume  that  this  wheel  is  resisted  in 
the  same  manner  with  an  outward  flow  turbine,  smd  denote,  as  in 
Article  176,  the  ratio  of  the  speed  of  the  orifice  to  that  due  to  the 
available  hc^ad  by  z',  and  the  best  value  of  that  ratio  by  e^^i  ^^  ^d, 
for  the  efficiency  in  general, 

Ma  22' 

-A'*; (1.) 


^1=  ^-215  =-4:64;) 
U«i  =  -68;         j 


(5.) 


which  being  made  a  maximum,  gives 


.      .    /f2+/-.s/(2+/)''-4) 
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DQ^i"  2  ^  '^ 

rrom  experiments  by  Professor  Weisbach,  it  appears,  that  the 
greatest  efficiency  of  a  good  reaction  wheel  is 

wh\='''' <'•) 

which  value  being  substituted  in  equation  3,  gives  for  the  co-efficient 
of  friction 

/=136; (5.) 

and  for  the  ratio  of  the  best  speed  of  the  orifices  to  that  due  to  the 
available  fall, 

«'i  =  -97 (6.) 

This  result  is  confirmed  by  general  experience  of  the  working  of 
these  wheels,  from  which  it  appears  that  the  best  velocity  for  the 
orifices  is  very  nearly  equal  to  that  due  to  the  available  fall,  and 
the  greatest  efficiency  about  f . 

178.  Tolame  of  Flow  aad  Sime  of  Oriilces.  —  In  Article  174, 
equation  9,  an  expression  is  given  for  the  whirling  or  tangential 
component  of  the  velocity  of  flow  through  the  openings  between  the 
guide  blades ;  from  which  are  deduced  the  following  expressions  for 
the  total  velocities,  through  the  openings  between  flie  guide  blades, 
and  through  the  openings  between  the  vanes  of  the  wheel  respec- 
tively; in  which,  Q  being  as  before  the  volume  of  flow  per  second, 
the  joint  area  of  the  contracted  stream  in  the  former  set  of  openings 
is  denoted  by  O^,  and  that  in  the  latter  set  by  Og : — 


Q_  _  


Q 

<-  =  » 1;  sec 


'—'•^^•"-^T^^W 


For  reaction  wheds, 


'2 

The  formulsB 


^^tc:=J2gf^,'jTT^ (2  a.) 


0,  =  -^;  Og=       ^    .  =  — ^, (3.) 

*      vaeca       *      ni?sec^      u;sec/3  ^    ' 

serve  to  determine  the  eflective  areas  of  inlet  and  outlet  required 
to  employ  to  the  best  advantage  a  given  flow  of  water  in  a  giveu 
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wheel,  with  a  given  available  fall  and  speed,  the  speed  being  that 
of  greatest  efl&ciency,  computed  as  in  Articles  175  and  177. 

The  co-efficient  of  contraction  for  the  inlets  and  outlets  of  turbines 
ranges  from  '85  to  '95,  and  is  about  '9  on  an  average ;  so  that  the 
actual  openings  are  to  be  made  one-ninth  larger  than  those  given  by 
the  eqUfOtions. 

179.  Sadeacy   ■•  aiTected    liy    RegnlaSor. — The  flow  of  water 

through  a  turbine  is  controlled  by  a  regidating  valve,  of  which 
different  kinds  will  afterwards  be  described. 

In  parallel  flow  and  outward  flow  turbines,  the  regulator  usually 
consists  of  a  set  of  slide  valves  applied  to  the  orifices  of  supply 
between  the  guide  bladea 

In  the  best  form  of  reaction  wheel,  known  as  Whitelaw  and 
Stirrat's,  the  regulator  consists  of  slide  valves  applied  to  the  orifices 
at  the  ends  of  the  arms. 

In  Thomson's  inward  flow  turbine,  the  regulator  consists  of  the 
guide  blades  themselves,  which  turn  about  axes  near  their  inner 
ends,  so  as  to  be  set  at  any  reqtdred  angle  «  to  the  circumference 
of  the  wheel. 

The  preceding  investigations  and  statements  of  efficiency  have 
reference  to  the  case  in  which  the  passages  of  supply  are  uninter- 
rupted, or  nearly  so.  Their  partial  closing  by  slide  valves  causes 
loss  of  energy  through  sudden  contractions  and  expansions  of  the 
stream. 

The  following  are  average  values  of  the  reductions  of  efficiency 
produced  by  pai'tial  closing  of  the  supply  passages  by  slida  valves  : — 

Eatio  of  the  actual  opening  )  1     2    1 
to  the  full  opening, J  5     5    2 

Ratio  of  the  diminished  effi- )  i     2    5 
ciency  to  the  maximum  r  9    ^    fi* 
efficiency, j 

Such  diminutions  of  efficiency  do  not  pccur  where  the  flow  is 
regulated  by  varying  the  orifices  of  discharge,  or  by  varying  the 
inclination  of  the  guide  blades. 

Section  2. — Deacription  of  Various  TttrbineB. 

180.  VoBtaine**  Tocbtee,  a  parallel  flow  turbine,  the  invention  of 
M.  Fontaine-Baron,  is  illustrated  by  fig.  73,  which  is  a  vertical 
diametral  section,  and  by  fig.  74,  wmch  is  a  vertical  section  by  a 
cylindrical  surface  traversing  the  guide  blades  and  vanes,  like  that 
given  in  an  elementary  form  in  fig.  68. 

A  is  the  tank  or  reservoir^  in  &e  bottom  of  which  is  the  ring- 
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shaped  cast  iron  passage  B,  containing  the  guide  blades  e,  and  regu- 
lating sluice  valves  d.     There  are  as  uumy^  sluices  as  guide  blades, 


ng.73. 

each  goide  blade  having  a  uluice  sliding  vertioallj'  behind  it.  The 
backs  of  the  sluices  are  rounded,  so  as  to  make  the  contraction  and 
deflection  of  the  stresm  gradual  Each  sluice  is  hung  by  a  rod  h 
from  the  iron  ring  a,  which  is  raised  and  towered  by  means  of 
three  rods  marked  c,  so  as  to  raise,  lower,  or  close,  the  whole  of  the 
sluices  at  once. 

C  is  the  dram  or  annular  passage  of  the  wheel,  containing  the 
vanes  /  £  is  a  disc,  by  which  the  drum  is  carried.  The  disc, 
drum,  and  vanes,  may  all  be  cast  in  one  piece. 

F  F  is  the  hollow  vertical  abaft  of  the  wheel,  at  the  top  of  which 
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is  the  pivot,  supported  upon  the  top  of  the  fixed  vertical  apindlo  G, 
which  lisea  from  the  bottom  of  the  tail  race  within  the  hollow 
shafL     The  objeot  of  this  is  to  facilitate  the  oiling  of  the  pivot. 

The  dimensionB  and  proportioiiB  of  turbines  of  this  class  may  bo 
varied  to  suit  different  ciroumstancea ;  nevertheless  the  following 
are  given  as  being  usual  in  practice,  on  the  authority  of  General 
Morin: — 

•,  obliquity  of  the  guide  blades, 22°  to  ag". 

(S,  oUiquity  of  the  vanes, 30*  to  3o^ 

Breadth  of  ring-shaped  passages — 

^  from  tV  to  tt  of  mean  diameter  of  wheeL 

Ijeast  depths  of  openings  between  guide  blades,  and  between 
vanes,  from  2J  inches  to  6  inches. 

Depth  of  dnun  of  wheel  =  depth  of  openings  k  2, 

As  to  the  work,  efGciency,  best  speed, 
and  volume  of  fiow,  see  Articles  172, 
173,  174,  175,  177,  Division  I,  178. 

The  speed  may  deviate  from  the  best 
speed  to  the   extent  of  one  quarter, 
without  materiaJly  diminishing  the  effi- 
ciency.    As  to  the  effect  of  the  sluices,  b  l  h 
see  Article  179. 

To  avoid  the  diminution  of  efficiency 
by  the  lowering  of  the  aloices,  dwbU 
turbines  have  been  used,  consisting  of  a 
pair  of  concentric  wheels  made  in  one 
piece,  supplied  with  water  by  a  similar   , 
pair  of  concentric  annular  supply  pas- 
sages.    Each  of  those  passages  has  its    , 
own  set  of  sluices,  hung  from  an  indepen- 
dent ling;  so  that  either  division  of  the  \ 
double  wheel  can  have  its  supjJy  of  water 
cut  off  at  pleasure.     Thns  the  power  of 
the  turbine  can  be  varied  in  a  proportion 
exceeding  that  of  two  to  one,  without 
the  necessity  for  employing  very  contracted  orifices,  and  conse- 
quently wasting  energy. 

181.  jtmn-fa,  mw  K*«ckiiiirB  Tnrbiae,  the  invention  of  M.  Jonval, 
and  made  by  Messrs.  Koechlin  &.  Co.,  resembles  Fontaine's  turbine, 
with  the  wheel  woriung  in  a  vertical  svdion  pipe  (Article  109) 
in  which  the  pressure  is  below  that  of  the  abnosphere.  This 
enables  the  wheel  to  be  placed  at  any  convenient  devation  not 
exceeding  the  head  equivalent  to  one  atmosphere,  above  the  level 
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of  the  surface  of  ttie  tail  race,  withoat  incurriDg  (as  would  be  the 
case  in  the  absence  of  the  suction  pipe)  a  loss  of  head  eqtial  to  the 
drop  from  the  bottom  of  the  wheel  to  the  water  level  of  the  tail  race. 

182.  vatmtrram'm  T«rMii«,  one  of  the  earliest  and  best  known 
of  turbines  with  guide  blades,  is  an  oatvyird  JUnn  turbins.  The 
sTerage  ratio  of  the  outer  to  the  inner  radius  of  the  wheel  ia 
n  ^  J'S,  and  the  depth  of  the  wheel  is  about  equal  to,  or  a  little 
greater  than  the  breadth  of  the  crowns. 

An  example  is  repr«sent«d  in  figs.  75,  76,  of  which  fig.  75  is  a 
vertical  section,  and  fig.  76a  sectional  plan  of  the  wheel  and  supply 
cylinder,  showing  the  form  and  arrangement  of  the  guide  blades 
Slid  vanea. 


rig.7s. 

A  is  the  tank  or  penstock ;  B,  the  supply  cylinder.  This  ia  the 
arrangement  for  moderate  falls;  for  very  high  fiiUs,  the  water  may 
be  brought  down  from  a  reservoir  to  the  supply  cylinder  by  a  pipe, 
whose  resistance  must  be  allowed  for  in  determining  the  available 


paBsagea 

layers,  b 
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The  cyliDderBconaistaoftwo  concentric  tubes:  theupperisfixed: 
the  lower  slidea  within  it  like  the  inner  tube  of  a  telescope,  and  is 
raised  and  lovered  by  means  of  the 
roda  6.  Near  the  apper  edge  of  the 
inner  tube  is  a  leather  collar,  to  make 
the  joint  between  it  and  the  outer 
tube  water-tight  The  lower  part  a 
of  the  inner  tube  acta  as  a  regulating 
sluice  for  all  the  orifices  at  once.  It 
haa  fixed  to  its  internal  sur&ce 
wooden  blocks,  so  shaped  aa  to  round 
off  the  tnma  in  the  course  of  the 
water  towards  the  orificea 

The  bottom  of  the  supply  cylinder 
is  formed  by  a  fixed  disc  C,  which  is 
supported  by  hanging  at  the  lower  ^f-  ^'■ 

end  of  a  fixed  vertical  tube  encloidng  the  sbaFL     This  disc  carries 
the  guide  blades. 

D  are  the  vanes  of  the  wheel  In  the  example  shown,  the 
_  a  between  the  vanes  are  divided  into  three  seta,  or  horizontal 
),  by  two  intermediate  crowns  or  horizontal  ring-shaped  parti- 
tions. The  object  of  this  is  to  secure  that  the  passages  shijl  be 
fill^  by  the  stream  at  three  difierent  elevations  of  the  sluice,  and 
so  to  diminish  the  loss  of  efficiency  which  occurs  when  the  opening 
of  the  sluice  is  small 

£  is  the  disc  of  the  wheel;  F,  its  shaft;  O,  the  tail  race. 

The  pivot  at  the  lower  end  of  the  shaft  is  supplied  with  oil 
through  a  small  tube  seen  in  the  figure,  which  is  laid  down  one 
side  and  along  the  bottom  of  the  tail  race,  and  rises  directly  below 
the  pivot. 

K  H  ia  a  lever  which  supports  the  stop  of  the  pivot,  and  is  itself 
supported  by  fixed  bearings  at  K,  and  by  a  rod,  L,  which  can  be 
raised  or  lowered  by  a  screw,  so  as  to  adjust  the  wheel  to  the 
proper  leveL 

163.  Taiiaa*  •Mmml  Flaw  TBrhiac*. — An  improvement  in  the 
regulating  apparatus  of  Foumeyron's  turbine,  introduced  by  Mr. 
Bedtenbacher,  is  to  vary  the  supply  openings  when  required,  by 
raising  or  lowering  the  disc  C  which  carries  the  guide  blades,  by 
means  of  a  screw  at  the  top  of  the  tube  to  which  it  is  fixed.  This 
dispenses  with  the  necessity  for  an  internal  sliding  cylinder  within 
the  fixed  supply  cylinder. 

Another  modification  of  the  regulating  apparatus  of  Foumeyron's 
turbine,  by  M.  Gallon,  is  to  make  the  hiding  vertical  tubular 
sluice  in  several  segments,  which  can  be  opened  or  shut  separately. 

To  prevent  the  drowning  of  Foumeyron's  turbine,  M.  Qirard 
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added  to  it  a  bell,  or  fixed  vertical  cylinder  with  the  mouth  down- 
wards^ which  dips  into  the  tail  race,  and  within  which  the  wheel 
worka  A  suificient  quantity  of  air  is  enclosed  in  the  bell  to  keep 
the  surface  of  the  water  within  it  below  the  level  of  the  wheel ; 
and  the  gradual  loss  of  this  air  by  leakage  and  diffusion  in  the 
water  is  supplied  by  means  of  a  small  forcing  pump.  It  is  of 
course  the  level  of  the  water  in  the  tail  race  outside  the  bell,  that 
is  to  be  taken  into  account  in  estimating  the  available  head. 

It  is  probable  that  the  effect  of  this  may  be  to  make  the  best 
inside'sur/ace  speed  a^  r,  and  the  maximum  efficiency,  the  same  as  for 
parallel  flow  turbines,  viz. : — 

^^^-2^Ai-n=^^^,-> (2.) 

1  —  k"'  being  from  -75  to  '8,  and  on  an  average  about  '78. 

184.  BcactioB  iTheela. — This  class  of  wheels,  of  which  the  theory 
has  been  given  in  Articles  176,  177,  Division  III.,  and  178, 
comprehends  all  twrbines  wiihouJt  guide  blades,  of  which  a  great 
variety  have  been  contrived  and  used.  The  earliest  form,  well 
known  as  "  Barker's  Mill,"  discharged  the  water  from  orifices  in 
the  ends  of  straight  tubular  arms  projecting  &om  a  hollow  shaflb. 
The  friction  of  the  water  in  the  arms  caused  considerable  loss  of 
energy.  Tubular  arms,  curved  in  various  ways,  were  afterwards 
employed ;  but  it  is  obvious  that  in  any  curved  arm  the  friction 
must  be  greater  than  in  a  straight  arm  of  the  same  diameter.  The 
best  form  is  one  more  or  less  resembling  fig.  71 ;  that  is,  a  hollow 
disc,  with  projections  leading  the  water  to  nozzles  of  a  form 
approximating  to  that  of  the  contracted  vein.  In  the  figure  there 
are  two  nozzles ;  but  three  are  better  calculated  to  insure  steady 
motion,  provided  they  are  exactly  similar  and  equal 

The  best  mode  of  regulating  the  flow  is  that  introduced  by 
Messrs.  Whitelaw  and  Stirrat,  of  having  the  regulating  valves  at 
the  orifices  of  discharge.  This  insures  nearly  equal  efficiency  at  all 
openings  of  the  orifices. 

The  best  mode  of  making  the  water-tight  joint  between  the 
supply  pipe  and  disc  is  that  sketched  in  fig.  77.  A  is  the  supply  * 
pipe ;  B,  the  wheel,  or  hollow  disc ;  C,  the  vertical  shaft ;  D,the 
neck  of  the  wheel  through  which  it  receives  the  water.  Near  the 
end  of  the  neck  is  an  annular  recess  containing  a  cupped  leather 
collar,  within  which  fits  a  tube  E.  The  outer  edge  of  this  tube, 
scraped  to  a  true  plane,  is  pressed  by  the  pressure  of  the  water  over 
the  equal  area  of  the  inner  edge^  against  the  truly  plane  surface  of 
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the  flange  f  of  the  Htipplj  pipe,  upon  which  flange  it  tnms  rotmd, 
making  a  good  joint  with  very  little  fiictioD. 

Another  form  of  this  amiDgement 
consists  in  having  the  annular  reccHS 
and  collar  within  which  the  tube  E 
fits,  at  the  end  of  the  supply  pipe,  and 
the  flange  against  which  the  outer 
edge  of  the  tube  presses,  at  the  end  of 
the  neck  of  the  wheel 

To  diminish  as  much  as  possihle  the 
friction  and  wear  of  pivots  or  other 
bearings,  the  vertical  shaft  should  be  ■ 
loaded  with  a  weight  sufficient  to 
balance  the  preasoro  of  the  water  on 
the  area  of  the  openings  of  the  neck 
of  the  wheel,  or  of  the  supply  pipe, 
whichever  is  the  greater. 

Another  mode  of  balancing  the 
pressure  is  that  devised  b^  Mr. 
Itedtenbacher,  who  has  in  some  cases  employed  a  vertical  outward 
flow  double  turbine,  consisting  of  a  pair  of  reaction  wheels  at  the 
two  ends  of  one  horizontal  sh^,  supplied  &om  the  same  interme- 
diate horizontal  supply  cylinder,  to  which  the  water  is  introduced 
by  a  pipe  at  one  side.  This  construction  is  suitable  to  high  falls, 
and  possesses  a  further  advantage  in  the  fact  that  the  shaft  rests  on 
horizontal  journals  and  bearings,  which  are  more  easily  kept  in  ordev 
than  pivots. 

183.    TkaiHHii'*    TBTblas.    er    Vmrttx    Wheel. — This   wheel,   the 

invention  of  Professor  James  Thomson  of  Queen's  College,  Belfast, 
is  the  only  eicample  yet  in  use  of  the  inward  Jlaio  tv/rbine,  whose 
general  theory  has  been  explained  in  Section  1  of  the  present 
Chapter. 

The  following  description  is  for  the  most  part  extracted  from  a 
paper  by  the  inventor  in  the  Keport  of  the  Meeting  of  the  British 
Amociation  in  1852. 

There  is  a  dtfierence  in  the  construction  of  this  turbine  for  high 
and  for  low  fells,  analogous  to  that  which  is  found  in  Foumeyron's 
turbine ;  that  is  to  say,  for  low  falls  the  supply  chamber  may  be  an 
open  tank ;  while  for  high  falls  it  must  generally  be  a  closed  vessel, 
supplied  by  a  pipe  from  an  elevated  reservoir.  Fig.  78  is  a  vertical 
section,  and  fig.  79  a  horizontal  section  and  plan  of  a  high  pressure 
vortex  wheel,  for  a  fall  of  about  thirty-seven  feet.  The  dimensions 
of  these  figures  are  Vi  of  the  real  dimensions;  a  diagram  of  part  of 
the  wheel  on  a  somewhat  larger  scale  is  added,  to  show  the  form  of 
the  vanes; 
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A  A  ia  the  wheel,  B  its  shaft.     The  wheel  occufues  the  tiAtel 
cAanAtr,  which  is  the  central  part  of  the  tipper  division,  of  a  strong 


cast  iron  case  C  G.  The  lower  division  D  D  of  that  case  is  called 
the  supply  ehanU>er;  it  receives  the  water  from  the  supply  pipe  E, 
and  ddivers  it  through  four  latge  openings  marked  F,  into  the 
guide  Made  dutmbor,  which  is  the  outer  part  of  the  upper  division 
of  the  case.  There  are  four  guide  Uades  marked  G ;  the  figure  of 
each  of  them,  near  the  wheel,  ia  nearly  that  of  a  quadrant  of  the 
same  radius  with  the  wheel ,  beyond  the  quadrantal  portion  they 
are  sometimes  straight,  and  sometimes  curved  the  reverse  way. 
The  ibur  openings  marked  H,  between  the  guide  blades,  r^julate, 
by  their  area  (0,,  Article  178),  the  Tolume  of  water  supplied  per 
second,  and  consequently  the  power  of  the  wheel  To  vary  these 
openings,  the  guide  blades  are  moveable  about  gudgeons  near  their 
points,  seen  as  small  circles  in  fig.  79  '  these  gudgeons  are  sunk  in 
the  roof  and  floor  of  the  chamber,  and  do  not  impede  the  flow  of 
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the  wato".     The  guide  blades  are  conaected  by  a  set  of  levers  and 
links  with  a  spindle  K,  hy  turning  which,  they  can  all  four  be 


Tig.  79. 
shiR^d  at  once,  so  as  to  make  any  required  angle  {')  witli  the  cir- 
cumference of  the  wheel.     (The  advantages  of  this  mode  of  r^ula- 
tion  have  already  been  stated  in  Article  179:) 

The  water,  after  paenng  through  the  passages  between  the 
vanes  of  the  wheel,  is  delivered  into  the  central  opening  of  the 
wheel,  as  nearly  as  possible  without  any  whirling  motion  left;  it 
then  escapes  at  once  upwards  and  downwards  through  the  two 
outlets  of  that  opening.  L  L  are  two  pieces  called  joint  Tiitgs, 
fitted  to  those  centr^  outlets,  and  adjusted  by  means  of  studs  and 
nuts,  so  as  to  come  as  close  to  the  wheel  as  is  possible  without 
rubbing  against  it,  in  order  to  prevent  leaking  of  water  between 
the  wheel  uid  its  case. 

The  lower  end  of  the  shaft  passes  through  an  oil-tight  stuffing 
box  into  the  pivot  box  M,  and  terminates  in  an  inverted  cup,  con- 
taining a  concave  brass  disc,  which  rests  on  the  convex  top  of  a 
fixed  ateel  pin.  The  pin  is  fixed  in  a  bridge  K,  and  is  capable  of 
being  set  to  the  proper  level  by  means  of  a  cross  bridge  O,  with 
adjusting  screws.  The  cup  of  the  pivot  b  supplied  with  oil  through 
a  small  pipe  sunk  in  a  groove  in  t^e  shaft  B, 
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Mr.  Thomson  states  in  a  note,  that  he  has  found  that  the  pivots 
last  well  without  oil,  by  simplj  admitting  the  free  access  of  the 
water.  Of  late,  lignum- vitas,  set  endwise,  and  kept  constantlj  wet^ 
has  been  found  a  good  material  for  the  bearings  of  such  pivots. 

Four  vertical  tie  bolts,  marked  P,  tie  the  top  and  bottom  of  the 
case  together,  to  enable  it  to  resist  the  pressure  of  the  water. 

The  value  of  the  ratio  n  of  the  internal  to  the  external  radius,  in 
those  turbines,  is  usually  ^  ;  that  of  the  oUiquity  of  the  inner  ends 
of  the  vanes  /8,  ranges  from  30°  to  45^.  Applying  the  formulse  of 
Articles  175  and  177  to  these  data,  and  assuming  the  loss  of 
energy  by  friction  to  be  one-fifbh,  so  that  1  —  k"  =,  '8,  we  find  the 
following  results : — 


30°  -693  -gS  77 

36°  -685  -93  75 

45°  -667  -89  -71 


Efficiency...  (1.) 


These  results  are  in  accordance  with  the  fact,  that  the  average 
efficiency  of  vortex  wheels  has  been  found  in  practice  to  be  about 
•75. 

The  velocity  of  the  water  in  the  openings  between  the  guide 
blades  is 

«j  sec  «  =  2^8ec«  J~2gT^; (2.) 

the  effective  area  of  those  passages  (taking  c  =  *9  for  the  co-efficient 
of  contraction)  is  very  nearly 

Oi  =  '9  X  2»r6sin«; (3.) 

where  b  is  the  clear  depth  of  the  guide  blade  chamber ;  hence  the 
volume  of  flow  is 

Q=zOj^v^Bec  »s=  '9  X  2  xr  6  •  tan  «; (.4.) 

and  the  angle  «  of  obliquity  of  the  guide  blades  required  to  deliver 
a  given  flow  per  second,  may  be  computed  by  the  formula 

9  X  2vrb'  ^   ^ 

but  care  should  be  taken  to  make  r  and  b  such,  that  tan  a  during 
the  ordinary  working  of  the  wheel  shall  deviate  as  little  as  possible 
frx)m  n  tan  fi ;  that  is,  with  the  usual  proportions,  ^  tan  /3.  The 
reasons  for  this  are  given  in  Article  173. 

The  crowns  of  the  wheel  shown  in  the  figure  approximate  to  the 
form  recommended  in  Article  172. 


CHAPTER  Vn. 

OF  FLniD-ON-PLOID  IMPULSE  ENGIKES. 

186.  iMMdaetorr  ExpiMuaiivu. — In  the  enginefl  to  whicli  the 
present  Chapter  relates,  motion  against  resistance  is  produced  in  one 
portion  of  fluid  by  the  direct  impulse  of  another  portion  of  fluid,  the 
driven  portion  of  the  fluid  doing  the  duty  of  a  float  board,  or  vane. 

Such  machines  may  be  divided  into  two  classes — 
I.  Those  in  which  the  energy  of  a  mass  of  liquid  descending 
from  a  Btnall  height  is  made  to  raise  a  small  portion  of  that  mass  to 
a  greater  height :  this  cla^  consists  of  the  "  Hydraidie  Rajth" 

XX.  Those  in  which  a  stream  of  fluid  moving  at  flrst  with  a  certain 
velocity,  drives  and  carries  along  with  it  an  additional  stream,  the 
two  streams  finally  mingling  and  moving  together  with  a  velocity 
less  than  that  of  the  driving  stream.  This  class  comprehends  the 
jet  pump,  the  water  blower,  and  the  blast  pipe. 

187.  Brdnnlic  Ban — This  machine,  a  well  known  invention  of 
Montgolfier's,  is  used  where  a  considerable  flow  of  water  with  a 


a  small  portion  of  that  flow  to  a 


moderate  fall  is  available,  to 
height  exceeding  that  of  the  fall. 

To  supply  it  with    water,  a 
■wave  is  to  bo  erected   aci'oss  a   ■■  ' 
sti'eara,  so  as  to  form  a.  pond,  as    ■ 
if  for  a  water  wheel.     From  the    '   |, 
lower  part  of  that  pond  cornea  ' 
the  supply  pipe  A,  fig.  80.     In   : 
the  course  of  that  pipe  is  the   [ 
waste  valve  chamMfr  B,  contain-  i 
ing  a  conical  clack  which  opens  ■• 
downwards,  and  which  is  largo  ' 
enough  to  let  the  flow  of  the  bc 

supply   pipe  pass  without  con-   ^-      -  —         - 

traction.     D  is  the  tail  race,  for  *"'=■  *'■ 

carrying  away  the  water  which  escapes  from  the  waste  valve. 

At  the  end  of  the  supply  pipe  is  a  small  air  vessel  C,  for  diminish- 
iiig  the  violence  of  shocka 

E  are  clacks  opening  from  the  supply  pipe  into  the  larger  and 
outer  air  vessel  F,  from  the  bottom  of  which  the  discharge  pipe  is 
Been  to  rise,  for  the  purpose  of  conveying  a  certain  portion  of  the 
water  to  the  reqnired  elevatioa 
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A  small  relief  dack  opens  from  a  passage  communicating  with 
the  external  air,  into  tlie  inner  air  vessel.  When  the  quantitj^f 
air  in  that  vessel  becomes  deficient,  periods  occur  in  the  course  of 
the  action  of  the  machine,  when  the  pressure  within  the  vessel  falls 
below  that  of  the  atmosphere ;  and  then  the  relief  clack  admits  a 
small  quantity  of  air,  to  supply  the  loss  caused  by  its  difi^Aon  in 
the  water. 

The  following  is  the  mode  of  operation  of  the  hydraulic  ram  : — 

Suppose  the  waste  clack  to  have  been  shut,  by  pressure  from 
within,  and  to  fall  suddenly  open,  owing  to  the  diminution  of  that 
pressure.  The  water  b^[ins  to  flow  from  the  reservoir  through  the 
supply  pipe  and  out  at  the  waste  clack,  with  a  gradually  increasing 
velocity.  At  length  that  velocity  reaches  a  maximum,  being  the 
velocity  of  steady  flow  which  the  hea4  in  the  pond  is  capable  of 
maintaining  through  the  supply  pipe  and  its  outlet  The  weight 
and  load  of  the  waste  clack  are  so  adjusted,  that  the  impulse  of  the 
current  upon  it  with  this  velocity  raises  it,  and  causes  it  suddenly 
to  shut. 

Thus  the  current  through  the  supply  pipe  is  abruptly  checked. 
The  water  between  the  reservoir  and  the  waste  clack  still  tends  to 
advance,  by  its  momentum,  and  compresses  the  water  between  the 
waste  clack  chamber  and  the  air  vessels,  and  the  air  in  the  smaller 
air  vessel  In  an  inappreciably  short  time  the  pressure  becomes  a 
little  more  intense  than  that  in  the  outer  air  vessel ;  that  is,  than 
the  pressure  due  to  the  length  to  which  a  portion  of  the  water  is  to 
be  lifted.  Then  the  clacks  E  open,  and  water  passes  into  the  air 
vessel  against  the  higher  presi^re,  and  thence  up  the  dischai*ge  pipe, 
until  the  energy  of  the  mass  of  water  in  the  supply  pipe  is  so  far 
expended,  that  its  pressure  can  no  longer  keep  the  clacks  E  open, 
nor  the  waste  clack  shut  Then  the  ckcks  E  shut,  the  waste  dack 
opens,  and  the  operation  begins  anew. 

The  following  proportions  for  hydraulic  rams  have  been  found  to 
answer  in  practice  : — 

Let  h  be  the  height  above  the  pond  to  which  a  portion  of  the 
water  is  to  be  raised ; 

H,  the  height  of  top  water  in  the  pond  above  the  outlet  of  the 
waste  clack  j 
.    L,  the  length  of  the  supply  pipe,  from  the  pond  to  the  waste  dack  ; 

D,  its  diameter ;  then 

H  =  A.L  =  2-8H  =  0UA;D  =  |  =  A...(i.) 

Let  Q  be  the  whole  supply  of  water  in  cubic  feet  per  second,  of 
which  q  is  lifted  to  the  height  h  above  the  pond,  and  Q  —  q  runs  to 
waste  at  the  depth  H  below  the  pond.    Then  the  efficiency  of  the 
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ram  has  been  found  by  experience  to  have  the  following  avei'age 
value : — 


|H=i^^^^' 


.(2.) 


Fig.  81. 


187  a.  JctPmink — This  machine  works  by  means  of  the  tendency 
of  a  stream  or  jet  of  fluid  to  drive  or  carry  contiguous  particles  of 
fluid  along  with  it.  The  general  nature  of  its  construction  is  repre- 
sctnted  by  £g,  81.  A  ia  the  jet  pipe,  by  which  a  sufEicient  supply  of 
•water  is  brought  from  an  elevated  source ;  £  is  the  suction  pipe^  by 
which  another  portion  of  water  is  drawn 
from  a  low  leveL  C  is  the  contracted 
throat  of  the  passage,  at  or  a  little  behind 
which  is  the  nozzle  of  the  jet ;  D  is  the 
trumpetrmouthed  spout  in  which  the  jet 
minxes  with  the  stream  from  below, 
carries  it  forward,  and  causes  a  diminu- 
tion of  pressure  behind  the  nozzle,  and  in 
the  suction  pipe,  sufficient  to  make  the 
water  rise. 

Contrivances  depending  on  the  same  principle  with  this  machine 
have  long  been  known ;  but  the  water  jet  pump,  in  its  present 
form,  was  invented  by  Professor  James  Thomson,  and  first  described 
in  the  Report  of  the  British  Association  for  1852.  In  the  report 
of  that  body  for  1853,  Mr.  Thomson  published  the  results  of  some 
experiments  on  a  small  scale  as  to  the  efficiency  of  the  jet  pump. 
The  greatest  efficiency  was  found  to  take  place  when  the  depth 
from  which  the  water  was  drawn  by  the  suction  pipe  was  about 
nind4enth8  of  the  height  from  which  the  water  fell  to  form  the  jet; 
the  flow  up  the  suction  pipe  being  in  that  case  about  one-Jifth  of 
that  of  the  jet,  and  the  efficiency,  consequently, 

This  is  but  a  low  efficiency;  but  it  is  probable  that  it  may  be 
increased  by  improvements  in  the  proportions  of  the  machine. 

The  WATER  BLOWER,  in  which  a  shower  of  water,  felling  in  drops 
within  a  vertical  cylinder  with  holes  in  its  sides,  carries  a  current 
of  air  down  with  it,  which  is  expelled  through  a  nozzle  near  the 
bottom  of  the  cylinder,  is  a  machine  on  the  same  principle  with  the 
jet  pump.     Its  efficiency  is  said  to  be  about  0*15. 

The  BLAST  PIPE,  the  most  important  of  George  Stephenson's  im- 
provements in  the  locomotive  engine,  is  an  example  of  the  same 
.  Kind  of  action,  which  will  be  mentioned  again  in  its  proper  place  : 
Bp  also  is  Mr.  Oumey's  steam  jet  ventilator  for  mines. 
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CHAPTER  VIIL 

OF  WINDMILLS. 

188.  Oeacna  l>c«criHi«*- — The  energy  of  the  wind,  in  driving 
a  windmill,  is  exerted  upon  a  wheel,  or  fan,  consisting  of  four  or 
five  vanes  called  sails,  radiating  from  a  horizontal  or  slightly 
inclined  shaft  called  the  toind  sImJI,  which  is  kept  always  turned 
endwise  towards  the  wind. 

The  inclination  of  the  wind  shafl  to  the  horizon  is  from  5°  to  15^; 
its  object  is  to  make  the  sails  revolve  clear  of  the  tower  or  other 
building  which  contains  the  mill 

There  are  two  methods  of  enabling  the  wheel  always  to  face  the 
wind.  In  a  "  post  milly*  the  whole  machine,  with  its  framework 
and  casing,  turns  upon  a  pivot  on  the  top  of  a  vertical  post,  and  is 
shifted  when  the  wind  changes,  by  means  of  a  long  horizontal  lever. 
In  a  "  totoer  miU,**  or  "  smock  mill,**  there  is  a  fixed  tower  with  a 
rotating  cap;  the  cap  supports  the  wind  shaft,  and  is  turned  to  the 
quarter  from  which  the  wind  blows,  by  apparatus  which  is  some- 
times controlled  by  hand,  but  ofbener  self-acting.  The  remainder 
of  the  mechanism  is  supported  by  a  stationary  frame. 

The  obliquity  of  a  windmill  sail,  or  the  angle  which  it  makes 
with  its  plane  of  revolution,  is  called  its  weather. 

Fig.  82  is  a  front  view  of  the  frame  or  skeleton  of  a  common 
windmill  sail.  C  is  the  end  of  the  wind  shaft,  from  \\  foot  to  2 
feet  square,  if  of  wood ;  from  6  inches  to  9  inches  in  diameter,  if  of 
iron.  C  A  B  is  the  arm,  or  whip,  of  one  of  the  sails,  usually  from 
30  feet  to  40  feet  long,  8  inches  to  10  inches  square  at  the  inner 
end,  and  about  §  of  these  dimensions  at  the  outer  end.  From  A  D 
to  B  E  are  the  bars  of  the  sail — slender  wooden  rods,  from  15  to  18 
inches  apart  AB  is  the  leading  or  foremost  edge  of  the  sail^ 
which  in  the  present  example  lies  along  the  whip  itself:  in  some 
sails,  a  small  portion,  called  the  leading  stxU,  extends  before  the 
whip. 

Fig.  83  shows  the  frame  of  the  sail,  as  seen  edgeways ;  fig.  84  is 
a  diagram  of  the  sail,  as  seen  endways,  in  which  O  P  and  O  Q  show 
the  positions  of  the  bars  at  the  top  and  at  the  inner  end  of  the  sail 
respectively:  these  two  figures  show  how  the  toeather  gradually 
diminishes  from  the  inner  end  of  the  sail  to  the  tip^  for  reaaons 
which  will  appear  in  the  next  Article. 


The  leading  sail,  when  there  is  one,  u  tuoally  covered  with' thin 
boftrdg ;  the  main  body  of  the  sail,  either  wiOi  caQTSS,  or  with  a 
number  of  narrow  boards  called 
valves,  capable  of  being  adjusted 
to  different  angles,  in  a  manner 
to  be  afterwardi  described. 

189.  GoenI  Priaclr>«.— The 

reduction  of  the  art  of  designing 
windmilla  to  geoeral  principlea 
is  almost  wholly  due  to  an 
experimental  investigation  by 
SmeatoQ,  communicated  to  the 
Koyal  Society  in  1759,  and  re- 
published in  Tredgold'a  TracU 
on  Hydrmdica, 

The  general  principles  esta- 
blished by  Smeaton  are  to  a 
certain  est«nt  capable  of  being 
ezpreased  by  a  proper  adapta- 
tion of  the  formulte  of  Article 
144,  Case  Y.,  equations  49  to 
\6-—a,  term  being  subttacted  to 
re{««Bent  loss  of  energy  by  frio- 
tion  between  the  air  and  the 
sail,  aa  follows : — 

Let  D  denote  the  weight  of  a 
cnbio  foot  of  air ; 

Q,  the  volume  of  air  which 
acta  on  the  sail,  or  part  of  a 
sail,  under  consideratioii,  in 
cubic  feet  per  second ; 

V,  the  velocity  of  the  wind,  in 
feet  per  second. 

If  «  be  taken  to  represent  the 
sectional  area  of  the  cylinder, 
or  annular    cylinder  of  wind   ^ 
through  which  the  sail,  or  part 
of  a  sail,  in  question  sweeps  in  *«■  '*• 

the  courae  of  its  revolution,  we  may  put 

Q  =  «..; (!•) 

when  c  is  a  co-efficient  to  be  found  empirically. 

Aa  it  is  difficult,  if  not  imposuble,  in  the  present  state  of  our 
knowledge,  to  distinguish  between  that  £»ctor  in  the  power  of  a 
windn^  which  depends  on  the  qoantity  of  wind  that  acts  upon  it. 
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«nd  that  factor  which  expresses  the  diminution  of  efficiency  hy  the 
friction  of  the  tihafty  it  is  best  to  make  the  co-efficient  e,  in  the  above 
equation,  comprehend  the  allowance  for  that  friction :  and  this 
being  understood,  it  appears  from  experimental  data  by  Smeatoni 
to  be  afterwards  referred  to,  that  for  a  windmill  with  four  sails 
proportioned  in  the  best  manner,  if  «  be  taken  for  the  sectional  aiea 
of  the  xohols  cylinder  qfwind  in  which  the  wheel  rotates, 

c  =  0-75  nearly (2.) 

The  friction  of  the  air  will  be  separately  allowed  for. 

Let  C  denote  the  weather  of  the  sail ;  then  because  the  direction 
of  motion  of  each  point  in  the  sail  is  perpendicular  to  that  of  the 
wind,  we  must  make,  in  the  formulas  of  Article  144, 

I  =  90^  —  ^f  and  cos  )  =  sin  {I*. 

Consider  a  narrow  band  of  a  sail  at  a  given  distance  from  the 
axis,  and  let  li  be  its  velocity. 

The  v^wle  velocity  of  the  wind  relatively  to  this  band  is  Jv^  +  u^; 
and  as  it  is  probable  that  the  energy  lost  through  the  motion  of 
the  air  is  propoi*tional  to  the  square  of  that  velocity,  we  may  put 
for  that  lost  energy,  per  pound  o/Ae  acting  stream  of  wind, 

f^f- « 

/being  a  co-efficient  of  friction,  to  be  found  empirically. 

From  data  by  Smeaton,  to  be  afterwards  referred  to,  it  appears 
that  the  probable  value  of  this  co-efficient  for  the  best  sails  is 

/=  0-016 (3  A.) 

Then  modifying  the  symbols  in  equation  50,  as  already  described, 
and  deducting  the  loss  of  energy  by  aerial  friction,  we  find  for  the 
useful  work  per  second  done  by  the  action  of  the  wind  on  the  band, 
or  bands  of  sail,  that  sweep  through  the  stream  of  air  whose  sec- 
tional area  is  a, 

Rtt  =  cD*v^j  2Mvcosfsinf~u2(2sin*f+/)-/t^  \ 
=  cD*  V -^  !<*« -sin  2  f-w*  (1 -cos2  i:+/)-/t^  }  (4.) 

,    ,    ,  ,  jy  Bffi 

Dividing  this  by  — ^ — ,  the  whole  energy  per  second  of  the 
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stream  of  wind^  we  find  for  the  efficiency  of  the  abction  of  that 
sftream 

-^=c  {^8in2i:.J*(l«cos2i:+/)-/}...(5.) 

The  ratio  of  the  speed  of  greatest  efficiency  for  a  given  toecUher  ^^ 
to  the  speed  of  the  wind,  is 

V       2  (1  -  COS  2  C+f) ^  ' 

The  efficiency  corresponding  to  that  speed  is 

{sin*  2  f              .  )  ._ . 

4  (1-008  2  CH-/)"-'^  /  ' ^^'' 

and  the  nseftil  work  corresponding  to  that  efficiency 

The  following  are  some  examples  of  the  results  of  these  formuhe, 
taking,  as  already  stated, /=  0*016,  c  =  0*75  : — 

2g 

7®  2*63  0*24 ) 

13**  1-86  029  V (9.) 

19**  1-41  031  j 

It  will  afterwards  be  shown  within  what  limits  these  formide  are 
applicable. 

190.  The  ]|«M  Fmm  aadi  PvopMttoM  •€  BtdBbh  as  determined 
experimentally  by  Smeaton,  are  as  follows  : — 

in  fig.  85,  A  is  the  wind  shaft;  AC,  the  whip  of  one  sail; 
B  D  E  C,  the  main  or  following  division  of  the  sail,  which  is 
rectangular;  B  F  C,  the  leading  ^vision  of  the  sail,  which  is  trian- 
gular. 

The  following  are  the  best  proportions  : — 


1  ^^    ,^      5 


AB  =  9AC;  BC  =  5^AC; 
o  o 

l.,_^    ^.^      2 


.(1.) 


BD  =  CE  =  ^AC;  CF=:t^AO 

O  15 

The  following  are  the  best  values  for  the  angle  of  weaiher  at 
different  distances  from  the  axis ; — 
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Distanoe  in  sixths  )  123456] 

o^  A.  B, j  (first  bar)  (tip)    [  (2.) 

Weather,  f.......  18^     19'     18°     16^     i2°i     7^      J 

c  p  191.  The  Best  Speed  for  the  tips  of  the  saOs, 
weathered  as  above,  was  found  by  Smeaton  to  be 
about  2-6  times  the  velocity  of  the  wind;  that  is, 

for  f  =  7^  Wi  =  2-6 1; (1.) 

It  is  from  this  experimental  result  that  the  value 
of  the  co-efficient  of  friction  employed  in  Article 
189  has  been  deduced,  viz.,/=  0*016. 

The  result  computed  in  the  same  Article,  that 

for  C=  19^  ^  =  141,  indicates  that  19°  is  the 

V 

proper  angle  of  weather  for  a  point  about  the 
middle  of  the  sail;  which  is  confirmed  by  experi- 
ment. 
Fig,  85.  ^^^  application  of  the  formulse  of  that  Article  to 

all  parts  of  the  sail  would  give  it  a  slightly  convex 
surface ;  but  Smeaton  found  a  slightly  concave  surface  (as  indicated 
by  Table  2,  Article  190)  to  be  somewhat  more  efficient;  upon 
which  he  observes,  "  that  when  the  wind  falls  upon  a  concave  sur^ 
face,  it  is  an  advantage  to  the  power  of  the  whole,  though  every 
part,  taken  separately,  should  not  be  disposed  to  the  best  advantage.** 
It  further  appears,  that  the  formulae  should  not  be  applied 
between  the  middle  and  the  inner  end  of  the  sail,  it  being  better  to 
preserve  nearly  the  same  angle  of  weather  throughout  that  part  of  it^ 
192.  Fewer  aadi  BiBciencr. — ^The  effective  power  of  a  windmill, 
as  Smeaton  ascertained  by  experiment,  and  as  equations  4  and  8 
of  Article  189  indicate,  varies  as  s,  the  secHonal  (irea  of  the  (icting 
stream  of  wind  i  that  is,  for  similar  wheels,  as  the  squares  of  the  radii. 
The  value  0*75,  assigned  to  the  multiplier  c  in  Article  189,  is 
founded  on  the  fact  ascertained  by  Smeaton,  that  the  effective  pov)er 
of  a  loindmill  with  sails  of  the  best  fomiy  a/nd  about  15^  feet  radius^ 
with  a  breeze  of  13  feet  per  second,  is  about  one  horse-power.  In 
the  computations  founded  on  that  fact,  the  mear^  angle  of  weather 
^is  made  « 13",  and  /=  -016  as  before.     Then  making  the  radius 

A  B  s=  r,  and  the  area  of  the  cylinder  of  wind, 

equation  8  of  Article  189  becomes  as  follows : — 

Ri  «i  =  0-29  •  ^  • ,  f^i (1.) 
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being  the  effective  power  at  the  best  speed,  when  the  tips  of  the 
sails  move  at  2-6  times  the  speed  of  the  wind* 

To  find  the  effective  power  at  anj  speed,  equation  4  is  referred 
to,  which,  when  ^=13®,  becomes — 

Rw=0-75?^-«-»^  |o-438ttv— 0-1 17 tt«— 0-01 6 1^^1(2.) 

The  value  of  D, — the  weight  of  a  cubic  foot  of  air, — ^may  be 
found  exactly  bj  means  of  Tables  IL  and  III.  at  the  end  of  this 
volume;  but  taking  it  on  an  average  at  0*075  Ib.^  the  above 
formulae  become, — 

Rii^  =  0-022^ -^r^; (1a.) 

Rw  =  0O56-g^-»ra|0438tAt;-0117w2-0-016t^l(2A.) 

From  equation  1  it  appears  that  a  windmill  of  the  best  form  and 
proportions,  with  the  tips  of  the  sails  moving  at  2*6  times  the  speed 
of  the  breeze,  has  an  effective  power  equal  to  y A  of  the  actual 
energy  of  the  cylinder  of  wind  which  passes  it  in  a  second. 

193.  T«w«r  suiir—HeU^AcUBc  Cap. — Fig.  86  is  a  vertical  section, 
and  fig.  87  a  horizontal  section,  of  the  top  of  a  tower  mill,  with 
its  self-acting  cap. 

A  A  A  is  the  tower ;  B  B  B  the  cap,  whose  lower  edge  is  an 
iron  ring,  resting  on  a  circle  of  rollers  which  rest  on  another  iron 
ring  on  the  top  of  the  tower,  and  are  kept  at  their  proper  distance 
apart  by  an  intermediate  ring  B,  in  which  their  axes  have  bearings, 
a,  a,  a,  a  are  blocks  with  horizontal  guide  rollers. 

C  is  a  circular  rack  fixed  to  the  top  of  the  tower. 

S  ia  the  wind  shaft,  carrying  a  bevel  wheel  D,  which  drives  a 
bevel  wheel  on  the  upright  shaft  N,  through  which  motion  is  given 
to  the  machinery  of  ike  mill 

From  the  back  of  the  cap  projects  the  frame  L  L,  carrying  the 
fan  M,  which  through  a  train  of  wheelwork  marked  b  and  e  c, 
drives  the  pinion  f,  which  works  in  the  rack  e,  already  mentioned. 
When  the  wind  wheel  faces  the  wind,  the  fan  is  turned  edgewise 
towards  the  wind,  and  remains  at  rest.  So  soon  as  the  wind 
changes  its  direction,  it  makes  the  fan  rotate  in  one  direction  or 
another,  and  so  drives  the  pinion  /,  which  makes  the  cap  turn 
until  the  wind  wheel  again  faces  the  wind 

The  bevel  wheel  D  on  the  wind  shaft  is  often  used  also  as  a 
brake-wheel,  its  rim  being  encircled  by  a  flexible  brake  (Article  49). 

194.  Beeflng,  mr  Kegnlalton  mf  Sails. — The  old  method  of  COVer* 

ing  a  windmill  sail  was  with  a  sheet  of  canvas,  of  which  a  greater 
or  less  extent  could  foe  spread  according  to  the  strength  of  the  wind. 
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T&riouB  metfaodi  have  been  isTented  for  Tarying  the  snii&ce 
exposed  to  the  wind  while  the  mill  it  in  motioD,  such  as  rollen, 
upon  which  a  greater  or  leu  extent  of  the  canvas  ean  be  rolled  up; 


"Vft^^" 


rig.  SI. 


boards  ^ling  bj  sliding  behind  each  other  like  the  sticks  of  a  &n ; 
and  boards  turning  on  axes  into  different  positions,  tike  the  ban  of 
a  Venetian  blind.  The  last  method,  the  invention  of  Sir  William 
Cubitt,  is  illustrated  in  figs.  88  and  89.     Fig.  88  b  a  side  view, 
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fig.  89,  a  front  view.     A  is  the  wind  abaft,  vhicli  is  hollow;  B  C, 

a  rod  passing  through  it;  C,  a  Bwivel,  to  enable  the  fotcmoat  end 

of  tlie  rod  to  rotate  with  the 

ahaft;  CD,  the  hinder  end  of  the 

rod,  which  is  a  toothed  rack, 

working  with  the  pinion  E ;  F,  a 

drum  on  the  axia  of  that  pinion ; 

0,  a  cord  wound  on  it,  from 

which  hangs  a  weight  W;  I,  a 

guide  roller  for  the  rack. 

K.  is  the  head  of  the  rod 
B  C,  connected  by  links  L  with 
the  levers  M,  which  turn  on 
bearera  carried  bj  the  project- 
ing brackets  N.  F  is  a  rack ; 
V,  a  guide  roller ;  Q,  a  pinion ; 
R,  a  lever ;  S,  a  rod,  connected 
with  all  the  levers  for  moving 
the  valveg,  or  transveise  boards, 
which,  when  shut,  or  turned 

flatwise  to  the  wind,  fill  the  spaces  between  the  bare  of 
the  sail,  and  make  a  continuous  Hat  surface;  -whea 
opened,  or  turned  edgewise  to  the  wind,  allow  it  to 
pass  tlirough  with  little  action  on  the  sail;  and  v-litn 
turned  into  intermediate  positions,  give  the  same  tlfcct 
with  a  greater  or  less  surface  of  snH.  Each  sail  has 
similar  apparatus. 

The  axes  on  which  the  valves  turn  are  placed  nearer 
to  one  edge  than  to  the  other,  so  tlmt  the  pteasuro  of 
the  wind  tends  to  open  them.  It  is  opposed  by  the 
weight  W,  which  tends  to  close  tliem.  The  valves 
adjust  their  own  obliquity,  so  tJiat  the  pressure  of  the 
wind  balances  the  weight  W ;  and  tl]\ia  tlie  ejflM  of  the 
wind  on  the  sails  is  maintained  nearly  constant  thzoiwh 
all  variations  of  its  speed. 
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OF  STEAM  AND   OTHER  HEAT  ENGINES. 


195.  Natne  aadi  W^trUUm  mt  the  Sa^ect. — ^It  is  believed  to  have 
been  first  remarked  by  George  Stephenson,  that  the  original  source 
of  the  power  of  heat  engines  is  the  sun,  whose  beams  furnish  the 
energy  that  enables  vegetables  to  decompose  carbonic  acid,  and 
so  to  form  a  store  of  carbon  and  of  its  combustible  compounds, 
afterwards  used  as  fuel  The  combination  of  that  fuel  with 
oxygen  in  furnaces  produces  the  state  of  heat,  which  being  com- 
municated to  some  fluid,  such  as  water,  causes  it  to  exert  an 
augmented  pressure,  and  occupy  an  increased  volume;  and  those 
changes  are  made  available  for  the  driving  of  mechanism. 

According  to  a  speculation  originated  by  Mr.  Waterston,  and 
modified  and  developed  by  Professor  William  Thomson,  the  heat  of 
the  sun  is  produced  by  the  fall  of  a  shower  of  matter  into  it ;  so 
that  the  original  source  of  the  power  of  heat  is  gravitation. 

In  the  present  treatise  we  are  concerned  with  those  operations 
only  in  the  obtaining  of  mechanical  energy  by  means  of  heat,  which 
are  performed  after  the  fuel  has  been  procured  in  a  state  fit  for  use. 

The  present  part  of  this  treatise  consists  of  two  main  divisions; 
the  first  treating  of  those  laws  of  the  relations  amongst  the  pheno- 
mena of  chemical  combination,  heat  and  mechanical  energy,  upon 
which  the  work  and  efficiency  of  heat  engines  depend :  the  second, 
of  the  structure  and  operation  of  those  engines. 

The  former  of  those  main  divisions  consists  of  three  subdivisions, 
the  first  treating  of  relations  amongst  the  phenomena  of  heat  them- 
selves; the  second,  of  combustion,  or  the  production  of  heat  by 
chemical  action;  and  the  third,  of  the  relations  between  heat  and 
mechanical  energy,  whose  principles  form  the  science  of  thebmo- 

I>TirAMIC& 

The  latter  of  the  two  main  divisions  consists  of  two  subdivisions, 
the  first  relating  to  the  apparatus  by  which  heat  is  obtained  firom 
burning  fuel,  and  communicated  to  a  fiuid,  which  apparatus,  in  the 
steam  engine,  comprehends  the  furnace  and  bpiler;  the  second, 
relating  to  the  apparatus  by  which  the  heated  fiuid  is  made  to  per- 
form work  by  driving  mechanism,  being  the  "  engine "  proper,  as 
distinguished  from  the  furnace  and  boiler. 
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CHAPTER  I. 

OF  RELATIONS  AMONGST  THE  PHENOMENA  OF  HEAT. 


196.  ScM  i»cftBc«  andi  i>g>ctifc<jL — ^The  word  "heat"  is  used  in 
two  senses — 

I.  A  certain  class  of  sensations. 

IL  That  condition  of  bodies  which  consists  in  the  capacity  for 
producing  such  sensations. 

It  is  in  the  second  of  those  senses  that  the  word  will  be  employed 
in  this  treatise. 

The  condition  called  heat  has  other  properties  besides  that  by 
which  it  has  been  defined.    Of  these  the  principal  are  as  follows  : — 

I.  Heat  is  trans/errible  from  one  body  to  another ;  that  is,  one 
body  can  heat  another  by  becoming  less  hot  itself;  and  the  ten- 
dencies to  effect  that  transfer  are  capable  of  being  compared 
together  by  means  of  a  scale  of  quantities  on  which  they  depend, 
called  teTnperatures, 

IL  The  transfer  of  the  condition  of  heat  between  two  bodies 
tends  to  bring  them  to  a  state  called  that  of  uniform  temperaiwre, 
at  which  the  transfer  ceases. 

III.  The  quantities  called  temperatures  are  accompanied  in  each 
body  by  certain  conditions  as  to  the  relations  between  density  and 
elasticity;  the  general  law  being,  that  the  hotter  a  body  ia,  the  less 
is  its  dasticUy  offigwre^  or  tendency  to  preserve  a  definite  form  and 
arrangement  of  parts,  and  the  greater  its  dasiicUf/  qfvoltime;  that 
is,  its  tendcMcy,  if  solid  or  liquid,  to  preserve  a  definite  volume,  and 
if  mseous,  to  expand  indefinitely. 

lY.  The  condition  of  heat  is  a  condition  of  energy;  that  is,  of 
capacity  to  effect  changes.  One  of  those  changes  has  already  been 
mentioned  under  the  head  I.,  viz.,  the  change  in  the  condition  of 
heat  of  bodies  which  are  unequally  hot,  tending  to  bring  them  to 
uniformity  of  temperature.  Amongst  other  of  those  changes  are 
changes  of  density,  changes  of  elasticity,  chemical,  electri^  and 
magnetic  changes. 

V.  The  condition  of  heat,  considered  as  a  kind  of  energy,  is 
capable  of  being  indirectly  measured,  so  as  to  be  expressed  as  a 
quantity,  by  means  of  one  or  other  of  the  directly  measurable  effects 
which  it  produces. 

YI.  When  the  condition  of  heat  is  thus  expressed  as  a  quantity. 
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it  is  found  to  be  subject^  like  other  fonns  of  energy  (mechanical 
energy,  for  example,)  to  a  law  of  conservation;  that  is,  if  in  any 
system  of  bodies,  no  heat  is  expended  or  produced  through  changes 
other  than  changes  of  temperature,  then  the  total  quantity  of  heat 
in  the  system  cannot  be  changed  by  the  mutual  actions  of  the 
bodies ;  but  what  one  body  loses,  another  gains ;  and  if  there  are 
changes  other  than  changes  of  temperature,  then  if  by  those  changes 
the  total  heat  of  the  system  is  changed  in  amount,  that  change  is 
compensated  exactly  by  an  opposite  change  in  some  other  form  of 
energy. 

Although  the  present  chapter  treats  specially  of  relations  amongsti 
the  phenomena  of  heat,  yet  it  is  impossible  to  explain  these  relations 
without  occasionally  refening  to  relations  between  phenomena  of 
heat,  and  other  classes  of  phenomena,  as  has  already  been  done  in 
the  preceding  general  description  of  heat. 

The  remainder  of  this  chapter  is  divided  into  three  sections. 

The  first  relates  to  the  measurement  of  tempercUurey  and  to  the 
phenomena  with  which  particular  temperatures  are  accompanied. 

The  second  relates  to  the  measurement  and  comparison  of  quan" 
tUies  o/heat,  whether  such  as  are  lost  by  one  body  Bud-gained  by 
another  during  changes  of  temperature,  or  such  as  appear  and 
disappear  during  changes  of  other  kinds. 

The  third  relates  to  the  rapidity  with  which  the  traris/er  ofheaJt 
takes  place  under  various  circumstances. 

SEcrriON  1. — Of  TemperOhireSj  and  Pfienomena  depending  on  ikem, 

197.  Eqnal  Tempcnttares. — ^Two  bodies  are  said  to  be  at  equal 
temperaJtureSj  or  at  the  saane  temperaturey  when  there  is  no  tendency 
to  the  transfer  of  heat  from  either  to  the  other. 

198.  Fixed  Tcniperatnrcs,  or  standard  temperatures,  are  tempera- 
tures  identified  by  means  of  certain  phenomena  which  occur  at  them. 

The  most  important  and  useful  of  fixed  temperatures  is  that  of 
the  MELTiifO  OF  ICE  under  the  average  atmospheric  pressure.  This 
pressure  is  specified  for  the  sake  of  precision ;  for  although  the 
variation  of  the  temperature  of  melting  ice  with  variations  of  pres- 
sure is  exceedingly  small,  it  is  still  appreciable. 

Next  in  importance  and  utility  is  the  boilino  point  op  pubs 

WATER  T7KDEB  THE  AVERAGE  ATMOSPHERIC  PRESSURE  of 

147      lbs.  on  the  square  inch,  or 
2 II 6*4      lbs.  on  the  square  foot,  or 

29*922  inches  of  a  vertical  column  of  mercury^ 

the  mercuiy  being  at  the  temperature  of  melting  ice. 
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There  are  many  other  pheBomena  besides  the  melting  of  ice  and 
boiling  of  water  under  the  mean  atmospheric  pressure,  which  serve 
to  identify  fixed  temperatures;  but  the  two  phenomena  which  have 
been  specified  are  chosen,  because  of  the  precision  with  which 
they  can  be  observed,  for  the  purpose  of  fixing  the  standard'  tem- 
peratures on  the  scales  of  thermometers,  or  instruments  for 
measuring  temperature. 

199.  J^egrec*  •f  TenfMnitare— PerAct  Oss  ThcrmoMeter. — ^The 
two  standard  points  of  the  scale  of  temperatures  having  been  found, 
it  is  next  requisite  to  express  all  other  temperatures  by  means  of  a 
scale  of  degrees,  and  fractions  of  a  degree;  which  scale  is  to  be 
graduated  according  to  the  magnitude  of  some  directly  measurable 
quantity  depending  on  temperature. 

The  quantity  chosen  for  that  purpose  is  the  product  of  the  pres- 
sure and  volume  of  a  given  mass  of  a  perfect  gas. 

A  PERFECT  OAS  is  a  substance  in  such  a  condition,  that  the  total 
pressure  exerted  by  any  number  of  portions  of  it,  at  a  given  tem- 
perature, against  the  sides  of  a  vessel  in  which  they  are  enclosed,  is 
the  sum  of  the  pressures  which  each  such  portion  would  exert  if 
enclosed  in  the  vessel  separately  at  the  same  temperature;  in  other 
words,  a  substance  in  which  the  tendency  to  expand  of  each  appre- 
ciable mass,  how  small  soever,  that  is  diffused  through  a  given 
space,  is  a  property  independent  of  the  presence  of  o^er  masses 
within  the  same  space.  Absolutely  perfect  gases  are  not  found  in 
nature;  every  gas  approximates  more  closely  to  the  condition  of  a 
perfect  gas  the  more  it  is  heated  and  rarefied ;  and  air  is  sufficiently 
near  to  the  condition  of  a  perfect  gas  for  thermometric  purposes. 

Let  Vq  denote  the  volume  of  a  given  weight  of  any  peifect  gas 
under  a  pressure  of  the  intensity  po,  at  the  temperature  of  melting 
ice,  and  po  v^  the  product  of  those  factors; — a  quantity  whose  value 
in  foot-pounds,  for  one  pound  avoirdupois  of  air  and  other  gases,  is 
given  in  Table  II.,  at  the  end  of  this  volume. 

Let  /?j «?!  be  the  corresponding  product  for  the  temperature  .of 
water  boiling  under  the  pressure  of  one  atmosphere. 

Then  it  is  known  from  the  experiments  of  M.  Begnault  and 
Mr.  Eudbeig,  that  these  two  products  bear  to  each  other  the  fol- 
lowing proportion : — 

-2l:^=  1-365 (1.) 

Now  let  To,  Tj,  denote  respectively  the  temperatures  of  melting 
ice  and  boiling  water  under  the  pressure  of  one  atmosphere,  in  de- 
grees of  the  scale  of  a  perfect  gas  thermometer,  the  intervals  upon 
which  scale  correspond  with  the  intervals  between  the  values  of 
the  ratio  pv^^-p^v^ 
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Let  T  be  any  third  temperature,  and  p  v  the  corresponding  pro- 
duct of  the  pressure  and  volume  of  the  gas. 

Then  because  the  interval  T^  —  T^  corresponds  to  the  difference 

Pi'^i—Pa^o  _  Q.3g5    .^  ^  ^jg^  ^^^  ^^^  interval  T  — T^,  corre- 

spending  to  the  difference  ^—~^^^—^.  must  have  the  followinir 
value : — 

T        T   ^  ^1  —  Tq     pv  —  TqVq^  /o\ 

^~^'  -"6^365 'K^^' ^^^^ 

and  this  equation  expresses  the  relation  between  vniervala  of  tem- 
percUure^  and  differences  of  the  product  p  t?. 

200.  ]>iflte«Bt  Tiienn«netric  Scales. — The  number  of  degrees 
Tj  —  To  into  which  the  interval  between  the  two  standard  tem- 
peratures is  divided,  and  the  number  of  degrees,  Tq,  between  the 
zero  of  the  scale  and  the  temperature  of  melting  ice,  are  arbitrary. 

On  Reaumv/r^8  sccUs,  the  zero  is  the  temperature  of  melting  ice, 
and  Tj  —  To  =  80^;  therefore, 

To  =  0°;  Ti  =  S(f; 

T-To=    -^  .^^-^^^^0  =219-'2  P1=.P^..:{L) 
0*365  j?o  ^0  Po  ^0 

On  the  Centigrade  scale,  used  in  France,  and  over  most  of  the 
continent  of  Europe,  the  zero  is  the  temperature  of  melting  ice,  and 
Ti  —  To  =  100**;  therefore, 

To  =  0^;  Ti  =  100°; 

T_To=^,^    ,  P  ^-Po  ^0^  274-  Pl^-P!^\..{2,) 
0'365  pfjVo  PqVq  ^   ' 

On  FahrenheU*8  scale,  used  in  Britain  and  America,  the  zero  is 
an  arbitrary  point,  32°  below  the  temperature  of  melting  ice; 
Ti  —  To  =  180°;  and  therefore, 

To  =  32°;  Ti  =  212°; 

T-T,  =  ^^  .  Pl^nPoVo  ^  4930.2  ^J^=^o^...(3.) 
0'36o  PoVq  PqV^  ^    ' 

In  the  present  treatise,  Fahrenheit's  scale  is  used  when  no  other  is 
specified. 

On  all  thermometric  scales,  temperatures  below -zero  are  reckoned 
downwards,  and  distinguished  by  having  the  negative  sign  pre- 
fixed. 
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201.  Abaolate  Zero— Abaolate  Tenpenuwre. — ^There  is  a  tempera- 
ture which  is  fixed  by  reasoning,  although  no  opportunity  ever 
occurs  of  observing  it ;  and  that  is,  the  temperature  corresponding 
to  the  disappearance  of  gaseous  elasticity,  at  which  p  v=^0. 

This  is  c^led  the  absolute  zero  of  the  perfect  gas  thermometer. 
By  reckoning  temperatures  from  it,  the  laws  of  all  the  phenomena 
which  depend  on  temperature  are  found  to  be  expressed  more 
simply  than  by  reckoning  from  any  ordinary  zero.  It  is  therefore 
the  most  suitable  zero  for  purposes  of  scienti£c  reasoning.  For  the 
purpose  of  recording  observations,  the  ordinary  zeros  are  more  con- 
venient, because  of  the  remoteness  of  the  absolute  zero  from  any 
temperature  which  is  ever  observed. 

Temperatures  reckoned  from  the  absolute  zero  are  called  abso- 
lute TEMFEBATURES.  In  this  treatise,  they  will  be  denoted  by  the 
symbol  r. 

Let  Tq  be  the  absolute  temperature  of  melting  ice;  and  r^  that  of 
boiling  water,  under  the  pressure  of  one  atmosphere. 

Let  r  be  any  third  absolute  temperature. 

Then 

"~    0-365    ' ^   -^ 

Ti  =  1-365  To; (2.) 

r  =zr^.  -f- (3.) 

These  formuke  become — 
for  Reaumur^  8  scaler 

r,  =  219-2;   .,  =  2990-2;  .  =  219-2  -|^  \     ^.^ 

=  T  +  219«-2;  ^j 

for  the  CenJtigrade  scale^ 

TO  =  274'';  T,  =  374";  r  =  274''  -^^^  =  T  +  274^  ;..(5.) 

for  FahrenheiCa  scale, 

T,  =  4930-2 ;  Ti  =  6730-2 ;  t  =  493-2  J^  \      .. , 

=  T  +  461-2 ;  j 

and  the  positions  of  the  absolute  zero  on  the  ordinary  accUes  are, 

on  K^aumur's  scale,         —  219<>-2,  ) 

on  the  Centigrade  scale,  —  274®,     V (7.) 

on  Fahrenheit's  scale,      —  461^*2.  ) 


EXPANSION  AND  ELASTICITT  OF  OASES.  229 

Table  III.,  at  tbe  end  of  the  volume,  shows  a  series  of  ordinary 
temperatures  on  the  Centigrade  and  Fahrenheit*s  scales,  with  the 
corresponding  absolute  temperatures^  and  the  corresponding  values 
of  ^  V  ^PqVq. 

202.  BxpsBsion  and  mUMicUj  •f  Oaaes. — ^A  gas  sensibly  perfect 
has  the  law  of  its  expansion  and  elasticity  expressed  as  follows : — 


(1.) 


and  the  results  of  this  formula  are  given  in  Table  ILL,  already 
referred  to. 

The  co-eficierU  o/expcmnon  of  a  perfect  gas,  being  the  increase  of 
volume  under  constant  pressure,  for  one  degree  of  rise  of  tempera- 
ture, of  so  much  of  the  gas  as  fills  unity  of  space  at  the  temperature 
of  melting  ice,  is  the  reciprocal  of  the  absolute  temperature  of 
melting  ice,  or, 

jgg;^  =  0-0020276  per  degree  of  Fahrenheit 

This  is  a  theoretical  limit  to  which  the  co-efficients  of  expansion  of 
gases  approximate  as  their  densities  diminish  and  temperatures  in- 
crease. Their  actual  co-efficients  of  expansion  exceed  that  limit  by 
small  quantities  depending  on  the  nature,  density,  and  temperature 
of  the  gas. 

A  hypothesis  called  that  of  "  molecular  vortices,"  referred  to  in 
the  historical  sketch  prefixed  to  this  work,  led  to  the  conclusion,  in 
the  case  of  imperfect  gasesy  that  the  law  of  their  expansion  and 
elasticity  would  be  found  to  be  expressed  approximately  by  an  equa- 
tion of  the  form, 

^^=^-A.-^  -^  -Ac. (2.) 

Ao,  A^,  &c,  being  functions  of  the  density  — ,  to  be  determined 

empirically.     This  conclusion  was  verified  by  a  comparison  with 
the  experiments  of  M.  Begnault.     (Memovrs  of  the  Academy  of 
Sciences,  1847;  Trane.  Roy,  Soc.  Edin,,  1850;  Phil.  Mag.,  Dec., 
1851 ;  Proc,  Roy,  Soc.  Edin.,  1855 ;  Phil  Mag.,  March,  1858.) 
The  formula  for  cabbonic  acid  gas  is  as  follows  : — 

pv  __      T  3-42      Vo.  /ox 

p~v,-iM^      r  •  v' ^•'•^ 

in  which ;7o  =  2116*4  lbs.  on  the  square  foot;  Vq  =  8*15725  cubic 
feet  to  the  lb. ;  PqVq=z  17264  foot-pounds. 
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It  is  probable  that  a  formula  of  this  class  will  at  some  future 
period  be  found  to  express  the  relation  between  the  temperature^ 
pressure,  and  density  of  steam;  but  at  present  it  is  impossible  to 
find  such  a  formula,  for  want  of  experimental  data.  The  difficulty 
of  ascertaining  exactly  how  much  of  the  water  or  other  fluid  within 
a  given  space  is  in  the  liquid  state,  and  how  much  in  the  state  of 
vapour,  constitutes  a  serious  obstacle  in  the  way  of  obtaining  such 
data.  The  principal  causes  of  that  difficulty  are,  first,  that  a  vapour 
near  the  point  of  liquefaction  has  the  power  of  retaining  suspended 
in  it  a  portion  of  its.  liquid  in  the  state  of  cloud  or  mist;  and, 
secondly,  that  if  in  experiments  on  the  density  and  expansion  of 
steam,  glass  vessels  are  used,  in  order  to  show  when  the  steam  is 
free  from  cloud,  a  new  cause  of  uncertainty  is  introduced  by  the 
fact,  that  the  attraction  between  glass  and  water  is  sufficient  to 
retain  in  the  liquid  state,  and  in  contact  with  the  glass,  a  film  of 
water  at  a  temperature  at  which,  but  for  the  attraction  of  the  glass, 
it  would  be  in  the  state  of  steam. 

The  ideal  density  of  perfectly  gaseous  steam,  given  in  Table  11.,' 
is  deduced  from  its  chemical  composition.  One  cubic  foot  of 
hydrogen,  and  half  a  cubic  foot  of  oxygen,  combine  together,  and 
collapse  into  one  cubic  foot  of  steam.  Hence  the  ideal  weight  of  a 
cubic  foot  of  steam  at  32^,  and  under  one  atmosphere  (being  a 
quantity  to  be  used  in  calculation  only,  inasmuch  as  steam  cannot 
exist  at  that  pressure  and  temperature),  is  computed  as  follows  :— 

Lbs. 

One  cubic  foot  of  hydrogen, 0*005593 

Half  a  cubic  foot  of  oxygen, 0*044628 


One  cubic  foot  of  ideal  steam,  Dq, =0*050220 

From  this  result  are  calculated  the  following,  ideal  also  :- 
Volume  of  one  lb.  steam  at  32°  and  one  atmosphere,  • 

Vo  =  pf  =  19*913  cubic  feet ; 


(4.) 


'0 

Pot?o  =  19-913  X  2116*4  =  42141  foot-lbs. 

if  from  these  quantities  are  computed  the  corresponding  quan- 
tities for  one  atmosphere  of  pressure  and  212°,  the  following  results 
are  obtained : — 


Vi  =  1*365  Vo  =  27-18  cubic  feet; 
Di-=  0-03679  lbs.; 
Pi  t7i«l  '365  po  «o  =-  57522  foot-lbs. 


.(5.) 
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The  Tolumes  and  densities  of  steam  given  in  Tables  lY.  and  Y I. 
are  computed  by  a  method  which  will  afterwards  be  explained. 
From  32**  to  104®  they  agree  very  well  with  the  assumption  of  the 
perfectly  gaseous  condition,  wiUi  the  following  values  of  Vo  and 
Pq  v^  which  are  somewhat  sinaller  than  those  deduced  from  chemical 
composition : — 


Vq  (ideal,  for  32°  and  one  atmosphere)  19*699  cubic  feet ; 

Do  =  0-05076  lbs.; 
^0^0  =  41690  foot-lbs. 


(6.) 


If  atmospheric  steam  were  perfectly  gaseous  at  21 2**,  the  follow- 
ing would  be  the  results  of  the  above  formulae  : — 

Vi  =  1-365  Vq  =  26-89  cubic  feet ;    1 

Di=  003719  Iba;  I  (7.) 

/>!  Vj  =  1  -365  pq  t?o  =  56907  foot-lb&  J 

It  is  proved,  however,  by  such  experimental  data  as  exist,  that 
the  actual  density  of  steam,  at  pressures  of  one  atmosphere  and 
upwards,  exceeds  that  computed  ou  the  assumption  of  the  perfectly 
gaseous  condition,  and  that  the  excess  is  greater,  the  greater  the 
pressure;  although  there  is  no  direct  experimental  determination 
of  the  exact  amount  or  law  of  that  excess.  By  the  indirect  method 
to  be  afterwards  explained,  the  amount  of  that  excess  is  found  at 
any  given  temperature;  but  the  general  law  which  it  follows  is 
unknown. 

The  tables  give,  for  one  atmosphere  and  212°, 

t;^  =  26-36  cubic  feet  per  lb. ;  1 

Di  =  0-03797;  I  (8.) 

^1  ©1  =  55783  foot-lbs. ;       J 

differing  by  about  one-jijlieth  part  from  the  results  given  in  the  for- 
mula (7);  and  the  proportional  difference  at  higher  pressures  ia 
greater. 

The  data  from  which  the  densities  and  volumes  in  these  tables 
were  calculated,  were  the  experiments  <3f  M.  Hegnault  on  the  heat 
transferred  from  a  boiler  to  a  condenser,  by  sending  from  the  former 
to  the  latter  known  weights  of  steam  imder  different  pressures ;  and 
it  is  certain,  that  whatsoever  may  prove  to  be  the  law  connecting 
the  density,  pressure,  and  temperature  of  steam  under  other  cir- 
cumstances, the  densities  and  volumes  in  these  tables  cannot  err, 
to  an  extent  appreciable  in  practioe  for  steam  obtained  under 
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cvrcuTTutcmces  similar  to  tJu>8e  of  if.  RegmvMn  esEperimenls,  wliich 
circumstances  are,  in  all  important  points,  similar  to  those  under 
which  steam  is  obtained  in  ordinary  steam  engines. 

In  the  Proceedings  of  the  Institution  of  Mechanical  Engineers 
for  June,  1852,  was  published  a  paper  by  Mr.  C.  W.  Siemens  con- 
taining the  results  of  experiments  "  on  the  expansion  of  isolated 
steam."  Those  experiments  show  a  very  rapid  rate  of  expansion, 
with  increase  of  temperature  under  constant  pressure  near  the 
boiling  point  corresponding  to  the  pressure,  and  a  gradually 
diminishing  rate  as  the  temperature  rises.  For  steam  under  the 
pressure  of  one  atmosphere,  and  at  temperatui'es  varying  from  250** 
to  380°  Fahrenheit,  Mr.  Siemens's  experiments  give  as  the  mean 
oo-efficient  of  expansion, 

^  =  000385  nearly; 


v^dt 


the  co-efficient  of  expansion  of  a  perfect  gas  being  00020276. 

The  experiments  which  have  for  some  time  been  in  progress  by 
M.  Hegnault,  and  those  lately  undertaken  by  Mr.  Fairbaim,  Mr. 
Tate,  and  Mr.  Unwin,  may  be  expected  to  give  precise  data  on  the 
subject  of  the  density  of  steam,  and  its  expansion  by  heat  (see  p.  552). 

In  Table  V.,  the  densities  of  the  vapour  of  sether  are  computed 
as  for  a  perfect  gas  from  its  chemical  composition ;  because  in  the 
only  case  in  which  data  exist  for  computing  its  density  otherwise, 
the  results  of  the  two  modes  of  computation  agree  exactly,  as  will 
afterwards  be  shown. 

The  quantities  in  the  column  headed  E  in  Table  II.,  being  the 
expansions  of  unity  of  volume  at  32°  in  rising  to  212°,  are  180  times 
the  co-ejfficienis  of  expansion  per  degree  of  Fahrenheit. 

203.   BxpansloB  of  lil^aids—JIIeffcarlal  Thcmioncler. — The  rate 

of  expansion  of  every  liquid  increases  as  the  temperature  becomes 
higher,  and  diminishes  as  the  temperatui*e  becomes  lower. 

In  the  case  of  water,  there  is  a  temperature  at  which  the  rate 
of  expansion  disappears,  and  the  volume  of  a  given  weight  reaches 
a  minimum.  That  temperature,  according  to  the  most  trustworthy 
experiments,  is 

S9°-l  Fahrenheit (1.) 

Between  that  temperature  and  32°,  the  volume  of  a  given  weight 
of  water  increases  by  cold. 

It  IB  possible  that  a  similar  phenomenon  may  take  place  in  other 
liquids;  but  it  has  not  yet  been  observed  in  any  liquid  except  water. 

The  above  temperature  of  the  maximum  density  of  water,  being 
the  temperature  at  which  the  specific  gravity  of  water  can  be  most 
accurately  ascertained,  is  used  in  France  as  the  standard  tempera^ 
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ture,  at  which  the  weight  of  an  unit  of  volume  of  water  is  taken 
for  an  unit  of  weight,  and  of  specific  gravity.  The  standard  tem- 
perature for  the  British  standards  of  weight  and  measure  is  62^ 
Fahrenheit. 

The  following  empirical  formula  for  the  expansion  of  water 
between  32**  and  77°  Fahrenheit,  deduced  from  the  experiments  of 
Stampffer,  Despretz,  and  Kopp,  is  extracted  from  Professor  W.  H. 
Miller's  paper  on  the  Standard  Pound,  in  the  Philosophical  Trans- 
adians  for  1856,  and  reduced  so  as  to  be  suited  to  Fahrenheit's 
scale  instead  of  the  Centigrade  scale,  for  which  it  was  originally 
computed : — 

.     V      10*1  (T  —  39-1)8  _  0.0369  (t  —  S9'lf 

^^vo""  10,000,000  ^^'^ 

Vq  denotes  the  volume  of  a  given  weight  of  water  at  39° -1  Fah- 
renheit, and  under  one  atmosphere  of  pressui'e,  which  for  one 
pound  of  water,  has  the  value 

log  t»o  =  2-2046414. 

V  denotes  the  volume  of  the  same  weight  of  water  at  any  other 
temperature  T  on  Fahrenheit's 'scale. 

For  rough  calculations  of  the  density  of  water,  a  simple  approxi- 
mate formula,  suited  for  most  practical  purposes,  has  already  been 
given  in  Article  107,  p.  110. 

The  greater  convenience  of  thermometers  filled  with  liquid,  as 
compared  with  those  filled  with  air,  causes  the  former  to  be  em- 
ployed for  all  purposes  except  certain  special  scientific  researches; 
and  the  liquid  commonly  employed  is  mercury, 

A  mercurial  thermometer  consists  of  a  bulb  and  stem  of  glass. 
The  stem  should  be  as  nearly  as  possible  of  uniform  bore;  and  the 
inequalities  in  the  bore  should  be  ascertained  by  passing  a  small 
quantity  of  merctuy  along  the  stem,  and  marking  the  lengths  that 
it  occupies  in  different  positions;  and  in  the  graduation  of  the  scale 
those  inequalities  should  be  allowed  for,  so  that  each  degree  of  the 
scale  shall  correspond  to  an  equal  portion  of  the  capacity  of  the 
stem.  A  sufficient  quantity  of  mercury  having  been  introduced,  it 
is  boiled,  to  expel  air  and  moisture,  and  the  tube  is  hermetically 
sealed.  The  standard  points  are  ascertained  by  immersing  the 
thermometer  in  melting  ice,  and  in  the  steam  of  water  boiling 
under  the  pressure  of  14*7  lbs.  on  the  square  inch,  and  marking  the 
positions  of  the  top  of  the  column;  the  interval  between  those 
•points  is  divided  into  the  proper  number  of  degrees  (100  for  the 
Centigrade  scale,  180  for  Fahrenheit's  scale),  and  similar  degrees 
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are  marked  above  and  below  those  points  if  necessary,  the  asceiv 
tained  inequalities  in  the  bore  of  the  stem  being  allowed  for. 

The  rate  of  expansion  of  mercury  with  rise  of  temperature  in- 
creases as  the  temperature  becomes  higher ;  from  which  it  followa, 
that  if  a  thermometer  showing  the  dilatation  of  mercury  simply 
were  made  to  agree  wilji  an  air  thermometer  at  32^  and  212°,  the 
mercurial  thermometer  would  show  lower  temperatures  than  the 
air  thermometer  between  those  standard  points,  and  higher  tem- 
peratures beyond  them.  For  example,  according  to  M.  Regnault 
{Mem,  Acad,  Sc.^  1347),  when  the  air  thermometer  marked 
350°  C.  (  =  662°  R),  the  mercurial  thermometer  would  mark 
362°16  C.  (  =  683°-89  F.),  the  error  of  the  latter  being  in  excess, 
12°-16  C.  (  =  21^-89  F.) 

Actual  mercurial  thermometers  indicate  intervals  of  temperature 
proportional  to  the  apparent  expansion  of  mercury  contained  in  a 
glass  vessel, — ^that  is,  the  difference  between  the  expansion  of  mer- 
cury and  that  of  glasa 

The  inequalities  in  the  rate  of  expansion  of  the  glass  (which  are 
very  different  for  different  kinds  of  glass)  correct,  to  a  greater  or 
less  extent,  the  errors  arising  from  the  inequalities  in  the  rate  of 
expansion  of  the  mercuiy. 

For  practical  purposes  connected  with  heat  engines,  the  mercurial 
thermometer  made  of  common  glass  may  be  considered  as  sensibly 
coinciding  with  the  air  thermometer  at  all  temperatures  not  ex- 
ceeding 500°  Fahr. 

For  f\ill  information  on  the  comparative  indications  of  thermo- 
meters, reference  may  be  made  to  M.  Kegnault*s  papers  in  the 
Memoirs  of  the  Accuiemy  of  Scienoea  for  1847,  entitled  respectively 
"  De  la  Mesure  des  Temperatures,"  and  ''  De  la  Dilatation  Absolue 
du  Mercure." 

Spirit  thermometers  are  used  to  measure  temperatures  at  and 
below  the  freezing  point  of  mercury.  Their  deviations  from  the 
air  thermometer  are  greater  than  those  of  the  mercurial  thermo- 
meter. 

204.  Ezp«aaiMi  •€  s«iMs. — ^The  numbers  which  it  is  customary  to 
give  in  tables  of  the  expansion  of  solids  are  the  raies  of  expansion 
of  one  dimensiony  and  are  therefore  respectively  one-third  of  the 
corresponding  rates  of  expansion  in  volume. 

Solid  thermometers  are  sometimes  used,  which  indicate  temperar 
tures  by  showing  the  difference  between  the  expansions  of  a  pair  of 
bars  of  two  substances  whose  rates  of  expansion  are  different^ 
When  such  thermometers  are  used  to  indicate  temperatures  higher 
than  the  boiling  point  of  mercury  under  one  atmosphere  (about 
67 6o  Fahr.),  they  are  called  Pyrometers,  In  this  case  the  exact 
value  of  their  degrees  is  somewhat  uncertain. 


MELTING  POINT — EYAPORATION. 


235 


205.  Melilag  Polai. — One  melting  point  has  already  been  men- 
tioned as  a  fixed  temperature, — that  of  ice.  It  is  lovoered  by 
pressure  to  the  extent  of  0*^*014  for  each  additional  atmospheie  of 
pressure, — a  fact  predicted  by  Prof.  James  Thomson,  and  ascer- 
tained experimentally  by  Prof.  William  Thomson. 

The  following  are  the  melting  points  of  a  few  of  the  more 
important  substances.  Those  marked  %  have  been  measured  by  the 
pyrometer : — 


Bismuth, 493° 

Lead, 630® 

Zinc, 700® 

Silver, 1280** 

Brass, 1869** 

Conper, 2548" 

Gold, 2590** 

Cast  iron, 3479** 

Wrought  iron,  higher,  but 
uncertain. 


1 
1 
1 
1 
? 


Mercury, —  38** 

jce J.  32® 

Alloy— Tin   3,   Lead   5, 

Bismuth  8,  about, 210® 

Sulphur, 228** 

Alloy— Tin  4,  Bismuth  5, 

Lead  1, 246® 

Alloy— Tin  1,  Bismuth  1,  286** 
Alloy— Tin  3,  Lead  2,...  334° 
Alloy— Tin  2,  Bismuth  1,  334"* 
Tin, 426^ 

Ice,  cast  iron,  bismuth,  and  antimony,  and,  according  to  Mr. 
Nasmyth,  many  other  substances,  are  more  bulky  when  in  the  solid 
state,  near  the  melting  point,  than  they  are  when  in  the  liquid 
state;  as  is  shown  by  tlie  solid  material  floating  in  the  melted 
material. 

For  ice,  the  excess  of  volume  in  the  solid  state  above  the  volume 

in  the  liquid  state  is  very  great,  and  has  been  ascertained,  with  the 

following  results : — 

Yolame  of  1  lb. 
cubic  feet. 

Water,  at  32" 0-01602 

Ice,       at  32"* o'oi74 


Weight  of 
1  cub.  ft.  in  lbs. 


62*425 
57*5 

206.  PMMare  •fTapoor — itT«p«mti«a~Boiltog — ^The  tempera- 
ture at  which  a  given  fluid  boils  under  a  given  presstire,  is  a  fixed 
temperature.  In  order  to  explain  this  phenomenon,  and  the  laws 
which  it  follows,  it  is  necessary  in  the  first  place  to  describe  the 
distinctions  between  the  liquid  and  gaseous  conditions,  and  the 
mode  in  which  substances  pass  from  the  one  to  the  other. 

I.  The  Liquid  state  is  that  condition  of  each  internal  part  of  a 
body,  which  consists  in  tending  to  preserve  a  definite  volume,  and 
resisting  change  of  volume,  and  in  offering  no  resistance  to  change 
of  figure.  It  is  known  that  most  substances,  and  believed  that  all 
substances,  are  capable  of  assuming  the  liquid  condition  under  suit- 
able circumstances.      The  property  of  offering  no  resistance  to 
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change  of  figure^  is  common  to  the  condition  of  liquid  and  gas,  and 
constitutes  the  fluid  condition.  The  liquid  condition  is  distin- 
guifihed  from  the  gaseous  by  the  property  of  tending  to  preserve  a 
definite  volume  :  a  body  in  the  gaseous  condition  tends  to  expand 
indefinitely.  Rise  of  temperature  increases  the  resistance  of  liquids 
to  compression,  and  diminishes  their  cohesion.  It  is  known  of  most 
liquids,  and  believed  of  all,  that  for  each  temperature  of  a  given 
substance,  there  is  a  certain  minimum  pressure  on  its  external  sur- 
face, which  is  necessary  to  its  existence  in  the  liquid  state,  and 
under  which  the  communication  of  additional  heat  to  the  liquid 
mass,  makes  it  boil,  or  emit  bubbles  of  vapour  from  its  interior. 
There  is  also  reason  to  believe,  that  all  liquids  under  all  circum- 
stances emit  vapour  from  their  surfaces,  and  are  surrounded  by  an 
atmosphere  of  their  own  vapour. 

II.  Vapour  is  any  substance  in  the  gaseous  condition,  at  the 
maximum  of  density  consistent  with  that  condition.  This  is  the 
strict  and  proper  meaning  of  the  word  "  Vapour."  It  is  sometimes 
used  in  an  extended  sense,  identical  with  that  of  '^  gas,"  in  speaking 
of  substances  whose  ordinaiy  condition  is  the  liquid  or  solid.  It  is 
certain  that  most  substances  are  voltUUe^  that  is  to  say,  that  they 
can  and  do  exist  in  the  state  of  vapour,  at  all  attainable  tempera- 
tures. Many  vapours,  whose  existence  cannot  be  proved  by 
mechanical  or  chemical  processes,  are  obvious  to  the  sense  of  smell ; 
for  example,  those  of  iron,  copper,  lead,  and  tin.  Whether  all  sub- 
stances are  volatile  at  all  temperatures  is  yet  uncertain.  If  there 
be  cases  of  exception,  it  is  to  be  understood  that  the  laws  stated  in 
the  sequel  of  this  Article  do  not  apply  to  them. 

III.  Pressure  and  Density  of  Vapours, — For  each  volatile  sub- 
stance at  each  temperature,  there  is  a  certain  pressure  which  is  at 
once  the  least  pressure  under  which  the  substance  can  exist  in  the 
liquid  or  solid  state,  and  the  greatest  pressure  which  it  can  sustain 
in  the  gaseous  state  at  the  given  temperature.  That  pressure  is 
called  the  pressure  of  saturations  or  the  pressure  of  vapour  of  the 
given  substance  at  the  given  temperature;  it  is  a  function  of  the 
temperature;  and  the  density  of  the  vapour  is  a  function  of  the 
pressure  and  the  temperature.  The  relation  between  the  pressure 
of  vapour  and  the  temperature,  for  various  substances,  has  been  the 
subject  of  many  series  of  experiments,  of  which  the  latest  and  best 
are  those  of  M.  Regnault  on  steam  (Memoirs  de  VAcademie  dea 
Sciences^  1847),  and  on  various  other  vapours  {Cimiptes  Rendus, 
1854).  The  best  sources  of  information  as  to  the  pressures  of 
vapours  are  the  tables  computed  by  M.  Eegnault  from  those  experi- 
ments; but  such  pressures  may  also  be  computed  in  most  cases  with 
great  accuracy  by  the  aid  of  a  formula,  which,  with  the  constants 
applicable  to  vapours,  as  deduced  from  M.  Kegnault's  experiments, 
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was  first  given  in  tbe  Edinburgh  FhUasophical  Journal  for  July, 
1849,  and  afterwards,  with  revised  constants,  in  the  FhUosoj^iocd 
Mitgazine,  Dec,  1854.  The  following  is  the  formula  for  calculating 
the  pressure  p  of  vapour  from  the  absolute  temperature  r  =  T  + 
461  '2  Fahr.  of  the  boiling  point : — 

log/>  =  A—  -  —  ^j- (1.) 

The  following  is  the  inverse  formula  for  calculating  the  absolute 
temperature  of  the  boiling  point  from  the  pressure : — 

The  following  are  the  values  of  the  constants  in  the  formula,  for 
temperatures  in  degrees  of  Fahrenheit,  and  pressures  in  pounds  on 
the  8quar4/oot: — 

B  ^ 

Fluid.         a.  logs.         log  a  g^  ^ 

Water, 82591 ...  3-43642. ..5*59873. ..0*003441. ..0-00001184 

Alcohol,...  7*9707  ...  3-31233.. .5-75323.. .0*001812. ..0*000003282 
-^ther, 7'573a  ...  3-3149?. ..5*21706. ..0*006264.. .0-00003924 

"^  Ca^.,^f  }  '343^  -  3-30728.. .5-21839,.. 0*006136.. .000003765 
Jiercury,...  7*9691 ...  3-72284 

For  inches  of  mercury  at  32®,  subtract  from  A, 1-8496 

„      lb.      on  the  square  inch,  „  A, 2*1584 

For  the  Centigrade  scale,  subtract  from  log  B,.... 0-25527 

„  logC, 051054 

ID 

multiply  2^  ^J  I  *8 

"       4C2  ^  ^'^^ 

From  the  preceding  formula  and  constants  were  calculcated  the 
pressures  in  Tables  IV.  and  YI.  for  steam,  and  Table  Y.  for  sether, 
at  the  end  of  this  volume. 

The  general  result  of  such  formulee  and  tables  is,  that  the  pressure 
of  vapour  increases  with  the  temperature  at  a  rate  which  itself 
increases  rapidly  with  the  temperature.  If  any  vapour  were  a  per- 
fect gas,  its  density  Dg,  at  any  temperature  Tg,  might  easily  be 
computed,  when  its  density  D^,  at  some  other  temperature  T^,  had 
been  ascertained  by  experiment,  by  means  of  the  formula^ 
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Dg  (Tg  +  46r'2  Fahr.)   _  D^  (T^  +  46r*2  Fahr.)  ^     .       . 

P2  Pi 

in  whicli  p.  and  p2  are  tbe  pressures  of  the  vapour  at  the  tempera- 
tures Tj  and  Tg  respectively ;  but  no  vapour  is  an  absolutely  per- 
fect gas;  and  the  density  of  every  vapour  increases  more  rapidly 
with  increase  of  pressure  than  that  which  would  be  given  by  the 
above  formula.  That  formula,  however,  is  sufficiently  near  the 
truth  for  practical  purposes  when  the  density  of  the  vapour  is  below 
certain  limits,  as  is  the  case  with  the  vapours  of  most  substances  at 
the  temperatures  which  usually  occur  in  the  atmosphere.  The 
experimental  determination  of  the  densities  of  vapours,  to  a  certain 
rough  degree  of  approximation,  sufficient  to  enable  the  formula  (1  a) 
to  be  applied,  is  easy,  and  is  assisted  by  a  knowledge  of  their  chemi- 
cal composition,  in  consequence  of  the  well  established  laws,  Jirti^ 
that  perfect  gases  combine  by  volumes  in  simple  numerical  ratios 
only;  and,  secondly,  that  the  volume  of  a  given  weight  of  a  compound 
perfect  gas  always  bears  simple  numerical  ratios  to  the  volumes 
which  its  constituents  would  occupy  separately.  Examples  of  the 
application  of  these  laws  are  given  in  the  case  of  steam,  in  Art  202, 
equations  4, 5,  and  in  some  parts  of  Table  11. ,  marked  thus,  *.  The 
direct  experimental  determination  of  the  densities  of  vapours,  to  a 
degree  of  accuracy  sufficient  to  show  the  exact  amount  of  their 
deviation  from  the  perfectly  gaseous  condition,  has  not  yet  been 
accomplished.  A  method  of  computing  the  probable  value  of  such 
densities  theoretically,  from  the  heat  which  disappears  in  evaporating 
a  given  quantity  of  the  substance,  will  be  explained  in  Chapter  IIL 
IV.  Atmosplteres  of  Vapour — Spheroidal  State, — From  what  has 
been  stated,  it  appears  that  every  solid  or  liquid  substance  in  a 
state  of  molecular  equilibrium,  wherever  it  is  not  enveloped  by 
another  solid  or  liquid  substance,  is  enveloped  by  an  atmosphere  of 
its  own  vapour,  of  a  density  and  pressure  depending  on  the  tempera- 
ture (provided  the  substance  is  volatile  at  that  temperature).  It 
has  been  suggested  as  a  hypothesis,  that  the  density  of  a  very  thin 
layer  of  this  atmosphere,  immediately  adjoining  the  surface  of  such 
liquid  or  solid,  may,  owing  to  the  attraction  of  the  liquid  or  solid, 
be  much  greater  than  the  density  at  considerable  distances,  and  that 
the  elasticity  of  an  atmosphere  of  vapour  so  constituted  may  be  the 
cause  of  that  resistance  to  being  brought  into  absolute  contact, 
which  is  displayed  by  the  surfaces  of  solid  and  liquid  bodies  in 
general  (c  ^.,  when  raindrops  roll  on  the  siuface  of  a  river),  and 
which  is  so  great  at  high  temperatures  as  to  produce  what  is  called 
the  "  spheroidal  state  '*  of  masses  of  liquid,  in  which  they  remain 
suspended  over  hot  solid  surfaces  with  a  visible  interval  between. 
The  only  substance    on  the  earth's  sur&ce  which  is  sufficiently 
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abttBdast  to  pervade  the  whole  of  the  earth's  atmosphere  at  all  times 
^th  vapour  to  an  amount  appreciable  by  mechanical  and  chemical 
processes,  is  water. 

V,  Mixtures  of  Vapours  and  Gases, — It  has  already  been  ex- 
plained, in  Article  199,  that  the  pressure  exerted  again^  the  interior 
of  a  vessel  by  a  given  quantity  of  a  perfect  gas  enclosed  in  it,  is  the 
sum  of  the  pressures  which  any  number  of  parts  into  which  such 
quantity  might  be  divided  would  exert  separately,  if  each  were 
enclosed  in  a  vessel  of  the  same  bulk  alone,  at  the  same  tempera- 
ture ;  and  that,  although  this  law  is  not  exactly  true  for  any  actual 
gas,  it  is  very  nearly  true  for  many.  Thus,  if  0*080728  lb.  of  air, 
at  32°,  being  enclosed  in  a  vessel  of  one  cubic  foot  of  capacity,  exerts 
a  pressure  of  one  atmosphere,  or  14*7  lbs.,  on  each  square  inch  of 
the  interior  of  the  vessel,  then  will  each  additional  0*080728  lb.  of 
air  which  is  enclosed,  at  32®,  in  the  same  vessel,  produce  veiy  nearly 
an  additional  atmosphere  of  pressure.  It  has  now  furtlier  to  be 
explained,  that  the  same  law  is  opplicaMe  to  mixtures  of  gases  ofdif- 
fererU  kinds.  For  example,  0*12344  lb.  of  carbonic  acid  gas,  at 
32^,  being  enclosed  in  a  vessel  of  one  cubic  foot  in  capacity,  exerts 
a  pressure  of  one  atmosphere;  consequently,  if  0*080728  lb.  of  air 
and  0*12344  lb.  of  carbonic  acid,  mixed,  be  enclosed  at  the  tem- 
perature of  32°  in  a  vessel  of  one  cubic  foot  of  capacity,  the  mixture 
will  exert  a  pressure  of  two  atmosphere&  As  a  second  example : 
let  0*080728  lb.  of  air,  at  212°,  be  enclosed  in  a  vessel  of  one  cubio 
foot^  it  will  exert  a  pressure  of 

212°  +  461-2      -  «...   ^         , 
"32^  +  46P-2  "^  atmosphere. 

Let  0*03797  lb.  of  steam,  at  212°,  be  enclosed  in  a  vessel  of 
one  cubic  foot :  it  will  exert  a  pressure  of  one  atmosphere.  Con- 
sequently, if  0*080728  lb.  of  air  and  003797  lb.  of  steam  be 
mixed  and  enclosed  together,  at  212°,  in  a  vessel  of  one  cubic  foot, 
the  mixture  will  exert  a  pressure  of  2*365  atmospheres.  It  is  a 
common  but  erroneous  practice,  in  elementary  books  on  physics,  to 
describe  this  law  as  constituting  a  d^erence  between  mixed  and 
homogeneous  gases;  whei'eas  it  is  obvious,  that  for  mixed  and  ho- 
mogeneous gases  the  law  of  pressure  is  exaustly  the  same, — viz.,  that 
the  pressure  of  the  tohole  of  a  gaseous  mass  is  die  sum  of  the  pressures 
of  all  Us  pa/rts.  This  is  one  of  the  laws  of  mixtures  of  gases  and 
vapours.  A  second  law  is,  that  the  presence  of  a  foreign  gaseous 
substance  in  contact  unth  Hie  surfou^e  of  a  solid  or  liquid,  does  not  ctffect 
the  density  of  the  vapou/r  of  that  solid  or  liquid,  unless  (as  M.  Eegnault 
has  recently  shown)  there  is  a  tendency  to  chemical  combination 
between  the  two  substances,  in  which  case  the  density  of  the  vapour 
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is  slightly  increased.  For  example :  let  there  be  a  mass  of  liquid 
water  in  a  receiver,  at  the  temperattu'e  of  212^,  and  above  the  sur- 
face of  the  liquid  water  let  there  be  a  space  of  one  cubic  foot;  it  is 
necessary  to  molecular  equilibrium  at  the  given  temperature  of  212®, 
that  that  space  of  one  cubic  foot  should  contain  0*03797  lb.  of  steam, 
whether  the  space  be  void  of  aU  other  substances,  or  filled  with  any 
quantity  of  air,  or  of  any  other  gEtseous  substance  which  does  not 
exert  an  appreciable  chemical  attraction  on  the  water.  To  illus- 
trate the  law  further,  let  the  temperature  of  the  water  be  50**;  then 
it  is  necessaiy  to  molecular  equilibrium  that  the  space  of  one  cubic 
foot  above  the  water  should  contain  0*00058  lb.  of  watery  vapour, 
whether  and  to  what  amount  soever  air,  or  any  other  gaseous  sub* 
stance  not  chemically  attracting  the  water,  is  contained  in  the  same 
space.  Thb  and  the  preceding  law  of  mixtures  of  gases  and  vapours 
(discovered  by  Dalton  and  Gay-Lussac),  enable  the  following  ques- 
tion to  be  solved : — Problem.  Given  the  total  pressure  P,  of  a  mix- 
ture of  a  gas  and  of  a  given  vapour,  in  a  space  saturated  with  the 
vapour  at  the  temperature  T ;  required  the  pressure  and  density  of 
the  gas  separately. — Solution.  Find,  from  a  table  of  experiments,  or 
from  a  formula,  the  pressiu^  of  saturation  of  the  vapour  for  the 
given  temperature  T;  let  it  be  denoted  by  p]  then  the  pressure  of 
the  gas  is  P — p\  and  its  density  is  less  than  the  density  which  it 
would  have  had  imder  the  pressure  P,  if  no  vapour  bad  been  pre- 
sent, in  the  ratio 

Ir-P 
p   • 

Example.  A  space  contains  mixed  air  and  steam,  being  saturated 
with  steam  at  50**,  and  the  total  pressure  is  14*7  lbs.  on  the  square 
inch ;  what  is  the  pressure  of  the  air  separately,  and  what  weight  of 
air  is  contained  in  each  cubic  foot  of  the  space  ? — Answer. ,  Mther 
from  M.  Begnault*s  experiments,  or  from  the  formula  already  cited, 
it  appears  that  the  pressure  of  the  steam  is  0*173  Id.  per  square 
inch ;  consequently,  the  pressure  of  the  air  separately  is  14*7  — 
0*173  =z  14-527  lbs.  per  square  inch.  Also,  the  weight  of  air  in  a 
cubic  foot,  at  14*7  lbs.  per  square  inch  and  50°,  had  there  been  no 
steam  present,  would  have  been 

0-080728  X  50°  +  4CF2  =  ^'^^^^^  ^^' 

consequently  the  weight  of  air  actually  present  along  with  the 
steam,  in  a  cubic  foot,  is 

14.. 527 
0077885  X  ^4yy   =007698  lb. 
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A  second  problem  is,  to  find  the  density  of  the  mixture  of  gas  and 
Tapoiir ;  which  is  solved  by  adding  to  the  density  of  the  gas  already 
found,  the  density  of  the  -vapour  as  computed  by  the  methods  for- 
merly referred  to.  Thus,  in  the  case  last  given,  it  appears,  by  com- 
puting from  the  latent  heat  of  evaporation,  that  the  weight  of  steam 
in  a  cubic  foot  is  0*00058  lb. ;  consequently,  the  weight  of  a  cubic 
foot  of  the  mixture  of  air  and  steam  is  0-07698  +  0 00058  = 
0*07756  lb.  With  respect  to  the  amount  of  the  deviations  from 
the  foregoing  laws,  which  occur  when  the  ingredients  of  the 
gaseous  mixture  have  a  chemical  affinity  for  each  other,  the  reader 
is  referred  to  the  later  researches  of  M.  Begnault  already  mentioned, 
Comptes  Bendu8f  1854. 

VI.  HvaporcUion  cmd  Condenrntion. — ^When  the  density  of  the 
vaporous  atmosphere  of  a  solid  or  liquid  is  diminished,  either  by 
the  enlargement  of  the  space  in  which  the  substance  is  contained, 
or  by  the  removal  of  part  of  the  vapour,  whether  by  mechanical 
displacement  ^as  when  it  is  blown  away  by  a  current  of  air)  or  by 
condensation  m  an  adjoining  space,  the  solid  or  liquid  evaporates 
nntil  equilibrium  is  restored,  by  the  restoration  of  the  vapour  to  the 
density  corresponding  to  the  existing  temperature.  The  same  thing 
takes  place  when  the  molecular  equilibrium  is  disturbed  by  commu- 
nicating heat  to  the  solid  or  liquid.  When  the  density  of  the 
vaporous  atmosphere  is  increased,  either  by  the  contraction  of  the 
space  in  which  the  substance  is  contained,  or  by  the  addition  of 
vapour  from  another  source,  part  of  the  vapour  condenses  until 
equilibrium  is  restored  as  before.  The  same  thing  takes  place  when 
the  molecular  equilibrium  is  disturbed  by  abstracting  heat  from  the 
vapour.  Evaporation  is  accompanied  by  the  disappearance  of  heat, 
called  the  Lateni  Heat  of  Evaporation,  and  condensation  by  the 
re-appearance  of  heat,  according  to  laws  to  be  stated  in  Section  2  of 
this  Chapter.  •  When  the  space  above  the  solid  or^i^uid  is  void  of 
foreign  substances,  the  restoration  of  equilibrium  is  sensibly  instan- 
taneous; when  that  space  contains  foreign  gaseous  substances,  the 
restoration  of  equilibrium  is  more  or  less  retarded,  although  the 
conditions  of  equilibrium  (as  stated  in  Division  V.  of  this  Article) 
are  not  changed.  It  is  the  retardation  of  the  diffusion  of  watery 
vapour  by  the  presence  of  air  which  prevents  every  part  of  the 
earth's  atmosphere  from  being  always  saturated  with  moisture. 

VII.  EbvUition, — ^When  the  communication  of  heat  to  a  liquid 
mass  and  the  removal  of  the  vapour  are  carried  on  continuously,  so 
that  the  pressure  throughout  the  mass  of  liquid  is  not  greater  than 
that  of  saturation  for  its  temperature,  evaporation  takes  place,  not 
merely  from  the  exposed  suiface  of  the  liquid,  but  also  from  its 
interior :  it  gives  out  bubbles  of  vapour,  and  is  said  to  hoU,  The 
ascertaining  by  experiment  of  the  temperatures  of  ebullition,  or 


242  STTEAlt  AND  OTHER  HEAT  EKGIITES. 

boiling  points,  of  a  liquid  under  various  pressiires,  is  the  most  accQ* 
rate  method  of  determiuing  the  relation  between  the  temperature 
and  pressure  of  saturation  of  its  vapour.  Conversely,  when  that 
relation  is  known  for  a  given  fluid,  and  expressed  by  formulae  or 
tables,  the  boiling  point  of  the  fluid  may  be  made  the  means  of 
measuring  the  pressure  on  it.  On  this  principle  is  founded  the 
method  invented  by  Wollaston,  and  since  perfected  by  Dr.  J.  D. 
Forbes,  of  deducing  the  atmospheric  pressure,  and  thence  the  eleva- 
tion of  the  place  of  obsei*vation,  from  the  boiling  point  of  water  in 
an  open  vessel,  as  measured  by  a  very  delicate  thermometer.  (See 
Edinburgh  Transactions,  vols.  xv.  and  xxi.) — ^When  the  term  boiling 
point  of  a  fluid  is  used  without  qualification,  it  means  the  boiling 
point  under  the  average  atmospheric  pressure  of  14*7  lbs.  on  the 
square  inch. 

YIII.  Eesisttmce  to  Boiling — Brine, — The  presence  in  a  liquid 
of  a  substance  dissolved  in  it  (as  salt  in  water),  resists  ebullition, 
and  raises  the  temperature  at  which  the  liquid  boils,  under  a  given 
pressure ;  but  unless  the  dissolved  substance  enters  into  the  compo- 
sition of  the  vapour,  the  relation  between  the  temperature  and 
pressure  of  saturation  of  the  latter  remains  unchanged.  A  resist- 
ance to  ebullition  is  also  oflered  by  a  vessel  of  a  material  which 
attracts  the  liquid  (as  when  water  boils  in  a  glass  vessel),  and  the 
boiling  takes  place  by  staiis.  To  avoid  the  errors  which  causes  of 
this  kind  produce  in  the  measurement  of  boiling  points,  it  is  advis- 
able to  place  the  thermometer  not  in  the  liquid,  but  in  the  vapour, 
which  shows  the  true  boiling  point,  freed  from  the  disturbing  effect 
of  the  attractive  nature  of  the  vessel  The  boiling  point  of  satar- 
ated  brine  under  one  atmosphere  is  226°  Fahr.,  and  that  of  weaker 
brine  is  higher  than  the  boiling  point  of  pure  water  by  1°*2  Fahr. 
for  each  rv  of  salt  that  the  water  contains.  Average  sea  water 
contains  A;  2ind  the  brine  in  marine  boilers  is  not  suffered  to  con- 
tain more  than  from  -h  to  A. 

IX.  Nebvlous  or  Vesicula/r  Vapour  is  a  condition  of  fluids,  also 
called  Cl&ud,  Mist,  or  Fog,  in  which  the  liquid  floats  in  the  air,  or 
in  its  own  vapour,  in  the  form  of  innumerable  small  globules.  The 
condition  of  cloud  is  one  into  which  fluids  pass  from  the  state  of 
vapour  on  being  condensed  by  mingling  with  cold  air.  By  heat, 
the  globules  of  cloud  are  made  to  evapomte  and  disappear;  by  cold 
they  are  made  to  coalesce  into  drops,  which  fall  to  the  ground,  or 
adhere  to  neighbouring  solid  bodies. 

X.  Superheated  Vapour  means  vapour  which  has  been  brought 
to  a  temperature  higher  than  the  boiling  point  corresponding  to  its 
pressure,  so  as  to  be  in  the  condition  of  a  permanent  gas. 
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Section  2. — 0/ Quantities  of  Heat, 

207.  ConipariMn  of  QnantitiM  of  BTcat. — The  condition  of  heat 
is  measured  as  a  quantity,  and  its  amounts  in  different  bodies  and 
under  different  circumstances  compared,  by  means  of  the  changes 
in  some  measurable  phenomenon  produced  by  its  transfer  or  dis- 
appearance. Amongst  the  changes  used  for  this  purpose,  changes 
of  temperature  will  be  first  considered.  Heat  employed  in  produc- 
ing elevation  of  temperature  is  called  sensible  heat. 

In  so  using  changes  of  temperature,  it  is  not  to  be  taken  for 
granted  that  equal  differences  of  temperature  in  the  same  body 
correspond  to  equal  quantities  of  heat.  This  is  the  case,  indeed,  for 
perfectly  gaseous  bodies ;  but  that  is  a  fact  only  known  by  experi- 
ment. In  bodies  in  other  conditions,  equal  differences  of  tempera- 
ture do  not  exactly  correspond  to  equal  quantities  of  heat.  To 
ascertain,  therefore,  by  an  experiment  on  the  changes  of  temperature 
of  any  given  substance,  what  proportion  two  quantities  of  heat  bear 
to  each  other,  the  only  method  which  is  of  itself  sufficient  in  the 
absence  of  all  other  experimental  data,  is  the  comparison  of  the 
toeights  of  that  substance  which  are  raised  fix>m  one  and  the  same 
lower  temperature,  to  one  and  the  same  higher  fixed  temperature, 
by  the  transfer  to  them  of  the  two  quantities  of  heat  respectively. 
For  example,  the  double  of  the  quantity  of  heat  which  raises  the 
temperatui'e  of  (me  pound  of  water  from  32°  to  32°  +  30°  =  (S^,"^, 
is  not  exactly  the  quantity  of  heat  which  raises  the  temperature  of 
one  pound  of  water  from  32°  to  32°  +  60°  =  92° ;  but  it  is  exactly 
the  quantity  of  heat  which  raises  the  temperature  of  two  pounds  of 
water  from  32°  to  %2°, 

The  most  usual  experiments  on  quantities  of  heat  are  those  in 
which  the  eqtudity  of  two  quantities  of  heat  is  ascertained.  For 
example,  m  pounds  of  a  substance  A,  at  a  temperature  T^,  and  n 
pounds  of  a  substance  B  at  a  lower  temperature  Tg,  are  brought 
into  close  contact,  and  either  they  are  guarded  against  the  tranter 
of  heat  to  or  from  third  bodies,  or  if  such  transfer  is  unavoidable, 
its  amount  is  ascertained  and  allowed  for.  After  a  sufficient  time 
has  elapsed,  equilibrium  of  temperature  takes  place,  by  both  bodies 
acquiring  the  same  temperature  Tj,  intermediate  between  Tj  and  Tg. 

Then  a  certain  amount  of  the  condition  called  heat  has  been 
transferred  from  A  to  B ;  and  the  effects  of  that  transfer  are — 

I.  The  lowering  of  the  temperature  of  m  pounds  of  A  from  Tj  to  Tg ; 

II.  The  raising  of  the  temperature  of  to  pounds  of  B  from  Tg  to  Tg ; 
from  which  we  conclude,  that  the  quantities  of  heat  corresponding 
to  those  two  effects  are  equal 

A  further  inference  from  the  same  experiment  is  the  following 
proportion : — 
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Quantity  of  heat  corresponding  to  the  interval  of  temperature 

between  T,  and  Tg  in  the  substance  A, 
:  Quantity  of  heat  corresponding  to  the  interval  of  temperature 

between  T^  and  T3  in  the  substance  B 

The  same  mode  of  experimenting  may  be  applied  to  two  portions 
of  the  same  substance,  so  as  to  compare  the  quantities  of  heat 
corresponding  to  intervals  of  temperature  in  different  parts  of  the 
thermometric  scale. 

207  A.  A  <^lorlHMt«r»  or  instrument  for  measuring  quantities  of 
heat,  consists  essentially  of  a  vessel  containing  a  known  weight  of 
some  convenient  liquid,  such  as  water  or  mercury — a  thermometer 
for  indicating  the  temperature  of  that  liquid, — and  if  necessaiy,  an 
agitator,  or  fan,  for  making  the  liquid  circulate,  in  order  that  all  its 
parts  may  be  at  an  unifonn  temperature  at  the  same  instant. 

Experiments  of  the  kind  mentioned  in  Article  207  are  performed 
by  immersing  in  the  Hquid,  or  mixing  with  it,  a  known  weight  of 
the  substance  to  be  experimented  on,  at  a  known  temperature, 
different  from  the  temperature  of  the  liquid,  and  noting  the  com- 
mon temperature  of  the  liquid  and  of  the  immersed  substance  when 
equilibrium  of  temperature  is  restored;  taking  care  at  the  same 
time  that  all  losses  of  heat,  and  other  causes  of  error,  are  ascertained 
and  allowed  for. 

In  the  mercurial  calorimeter  of  MM.  Favre  and  Silbermann, 
there  is  no  independent  thermometer;  the  instrument  being  simply 
a  mercurial  thermometer  with  a  bulb  so  lai^e,  that  the  body  to  be 
experimented  upon  can  be  enclosed  in  a  small  chamber  ip  ihe 
centre  of  the  bulb,  so  as  to  insure  that  all  the  heat  which  that 
body  loses  shall  be  transferred  to  the  mercury.  This  calorimeter 
has  no  agitator. 

For  examples  of  the  construction  and  use  of  the  water  calori- 
meter, see  M.  Eegnault*s  papers  in  the  Memoirs  of  the  Academy  of 
Sderuxe  for  1847. 

208.  uait  •€  Heat. — For  the  purpose  of  expressing  and  compare 
ing  quantities  of  heat,  it  is  convenient  to  adopt  as  an  unit  of  heat 
or  THERMAL  UKIT,  that  quantity  of  heat  which  corresponds  to  some 
definite  interval  of  temperature  in  a  definite  weight  of  a  particular 
substance. 

The  thermal  unit  employed  in  Britain  is — 

The  qitafUUy  of  heat  tohich  correifponde  to  cvn  interval  of  one  degree 
0/ Fahrenheit' 8  scale  in  the  temperalwre  of  one  pound  of  mure  liqtUd 
uxUeTy  at  and  near  its  temperature  of  greatest  dmsity  (39  '1  Fahren- 
heit). 

The  reason  for  the  limitation  to  that  part  of  the  scale  of  tern- 
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perature  which  is  near  the  .temperature  of  the  greatest  density  of 
water  is,  that  the  quantity  of  heat  corresponding  to  an  interval  of 
one  degree  in  a  given  weight  of  water  is  not  exactly  the  same  in 
different  parts  of  the  scale  of  temperatures,  but  increases  as  the 
temperature  rises,  according  to  a  law  which  will  be  stated  in  the 
next  Article. 

For  temperatures  not  higher  than  80®  Fahrenheit,  that  quantity 
is  sensibly  constant. 

The  thermal  unit  employed  in  France  (called  Calorie)  is  the 
quantity  of  heat  which  corresponds  to  an  interval  of  one  Centigrade 
degvM  in  the  temperature  of  one  kilogramTne  of  pure  liquid  water, 
at  and  near  its  temperature  of  greatest  density. 

The  following  statement  shows  the  mutual  ratios  of  the  British 
and  French  units  of  weight,  temperature,  and  heat,  with  the 
logarithms  of  those  ratios: — 

Ratioe.  Logarithms. 

Pounds  avoirdupois  in  a  kilogramme, 2*20463        0*3433340 

Kilogramme  in  a  lb.  avoirdupois, 0*453593       i  '6^66660 

Fahrenheit  degrees  in  a  Centigrade  degree,  1*8  0*2552725 

Centigrade  degree  in  a  Fahrenheit  degree, •••0*555  ^  '7 447 ^75 

British  thermal  units  in  a  French  thermal )       ^o  ^  q^  ^^ 

unit, I  3'9<583a        0*5986065 

French  thermal  unit  in  a  British  thermal  .      — 

unit. f  0251996       14013935 

Other  units  in  which  quantities  of  heiEtt  can  be  expressed  will  be 
afterwards  explained 

209.  SpeeUle  BTcat  •€  JLI^aidto  «ad  8«IMa. — The  specific  heat  of  a 
substance  means  the  quantity  of  heat^  expressed  in  thermal  units, 
which  must  be  transferred  to  or  from  an  uMt  of  weight  (such  as  a 
X)oimd)  of  a  given  substance,  in  order  to  raise  or  lower  its  tempera- 
ture by  one  degree. 

According  to  the  definition  of  a  thermal  unit  given  in  Article 
208,  the  specific  heat  of  liquid  water  at  and  near  its  temperature 
of  maximum  density  is  unity;  and  the  specific  heat  of  any  other 
substance,  or  of  water  itself  at  another  part  of  the  scale  of  tem- 
peratures, is  the  ratio  of  the  weight  of  waier  at  or  Tiear  39^*1 
Fahrenheit,  which  has  Ua  temperature  altered  one  degree  by  the 
tranefer  of  a  given  quantity  of  heat,  to  the  weight  of  tfie  other  suih 
stance  under  consideration,  which  has  its  temperature  altered  one 
degree  by  the  transfer  of  an  equal  quantity  of  heat :  the  equality  of 
quantities  of  heat  being  ascertained  in  the  manner  explained  in 
Article  207. 

The  specific  heat  of  a  substance  is  sometimes  called  its  "  capacity 
for  liaat:' 
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The  specific  heats  of  the  substances  to  which  refereuce  will  after- 
wards have  to  be  made  in  this  treatise,  as  expressed  in  ordinary 
thermal  units,  are  given  in  the  columns  headed  C  in  Table  II.,  at 
the  end  of  the  volume. 

So  far  as  those  tables  relate  to  liquids  and  solids,  those 
quantities  are  to  be  regarded  as  merely  approximate  average 
values,  near  enough  to  the  truth  for  practical  puq)08es  at  the 
temperatures  which  usually  occur ;  for  the  specific  heat  of  every 
substance  in  the  liquid  or  solid  state  is  variable,  becoming  greater 
as  the  temperature  rises;  and  that  to  an  extent  which  is  in  general 
greater,  the  more  expansible  the  substance  is. 

The  only  substance  for  which  the  exact  law  of  that  variation  has 
been  ascertained  is  water,  on  whose  specific  heat  a  series  of  precise 
experiments  was  made  by  M.  Regnault,  and  published  in  the 
Memoirs  oftJie  Academy  of  Sciences  for  1847. 

The  following  empirical  formulae,  first  published  in  the  Trans' 
actions  of  the  Royal  Society  of  Edinburgh  for  1851,  represent  very 
closely  tiie  results  of  those  experiments. 

Let  T  be  the  temperature  of  the  water,  reckoned  from  the 
ordinary  zero  of  Fahi*enheit*s  scale.  Then  the  s^jecific  heat  of 
water  at  that  temperature  is 

c  =  1  +  0000000309 (T-  39°-l)2; (1.) 

the  number  of  units  of  heat  required  to  raise  one  pound  of  water 
from  any  temperature  Tj  to  any  other  temixxi-ature  Tg  is  as 
follows : — 

A  =  |\  (^  T  =  T2  - Tj  +  0-000000103  { (Tj ^  39°-i)3 

^(Ti-39M)3}  (2.) 

and  the  mcam  specific  heat  between  any  given  pair  of  temperatures, 
Tj  and  T2,  is 

jr^x"  =  ^  +  0-000000103  { (To  -  39°-l)2 

+  (T2-39M)(Ti- 39^-1) +  (Ti-39<»-l)2} (3.) 

To  adapt  these  formulae  to  the  Centigrade  scale,  the  following 
alterations  are  to  be  made : — 

for  0-000000309  is  to  be  put  0-000001  ; 

for  0-000000103  „  0-00000033 ; 

for  T  -  39°-l,  „  T  -  4°. 

The  exact  equivalent  of  39*^-1  Fahrenheit  is  3' -94  Centigrade;  but 
4°  is  suflicieutly  neai*  the  truth  for  the  present  purpose. 
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In  calculations  respecting  the  quantities  of  heat  required  bj 
masses  composed  of  various  materials  to  produce  given  alterations 
of  temperature,  it  is  convenient  to  substitute  for  the  weight  of  each 
material  an  equivalent  weight  of  water,  and  then  to  calculate  for 
the  whole  mass  as  if  it  were  composed  of  water.  The  equivalent 
weight  of  water  is  found  in  each  case  by  multiplying  the  weight  of 
the  material  in  question  by  its  specific  heat. 

Suppose,  for  example,  that  a  calorimeter  contains  m  pounds  of 
water,  and  that  the  vessel  and  the  agitator  are  made  of  copper,  and 
weigh  q  pounda  The  solid  part  of  the  apparatus  accompanies  the 
water  in  its  changes  of  temperature ;  and  the  heat  required  to  pro- 
duce these  changes  must  be  taken  into  account  Tins  .is  con- 
veniently done  by  supposing  that  for  the  q  pounds  of  copper  there 
are  substituted  •0951  q  pounds  of  water  (-0951  being  the  specific 
heat  of  copper);  and  then  computing  the  results  of  experiments 
made  with  the  calorimeter  as  if  it  consisted  solely  of 

m+  '0951  q  pounds  of  water. 

The  following  are  the  specific  heats  of  a  few  liquids  and  solids, 
in  addition  to  those  given  in  Table  II.  at  the  end  of  the  volume. 
Some  are  given  on  the  authority  of  M.  Eegnault ;  some  on  that 
of  Lavoisier  and  Laplace,  some  on  that  of  Balton,  and  the  specific 
heat  of  ice  on  that  of  M.  Person. 

Ice 0-504 

Sulphur, 0-20259 

Charcoal, 0*2415 

Coal  and  coke  average, 0*201 

Alumina  (Coi-undimi), 0*19762 

Do.       (Sapphire), 0*21732 

Silica, 0*19132 

{Brickf  being  composed  of  silica  and  alumina,  has  probably  a 
specific  heat  of  about  0*2). 

Flint  glass, 0*19 

Carbonate  of  lime, 0*2085 

Quicklime 0*2169 

Magnesian  limestone, 0*2 1743 

{StoM8,  being  composed  chiefly  of  silica,  alumina,  and  carbo- 
nates of  lime  and  magnesia,  have  probably  specific  heats  not 
differing  greatly  from  0*2  or  0*22). 

Olive  oil, 0-3096. 

From  some  of  the  above  data  may  be  deduced  the  useful  prao- 
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tical  conclusion,  that  the  averacfe  $pecific  heat  of  the  nonrmetaUie 
materials  and  contents  of  a  furnace^  whether  bricks,  stones,  or  Jud, 
does  not  greatly  differ  from  one-fifbh  of  that  of  mooter. 

It  wa8  discovered  hj  Dulong  and  Petit,  and  hsA  been  verified  by 
MM.  Regnaulty  Newmann,  and  Avogadro,  that  most  known 
substances  may  be  arranged  according  to  the  analogies  of  their 
chemical  constitution  in  groups ;  and  that  in  any  one  given  group 
the  specific  heats  of  the  substances  are  with  few  exceptions  inversely 
as  their  chemical  equivalents ;  or,  in  other  words,  that  the  product 
of  the  specific  heat  of  a  substance  by  its  chemical  equivalent  is  a 
constant  for  most  of  the  substances  in  one  group. 

For  most  of  the  metals,  for  example,  that  constant  product  is, — 

According  to  the  French  scale  of  chemical  equivalents,... 37 -5; 
According  to  the  English  scale, 6* 


210.  Speeifle  H«tt  m€  Omm. — ^Although  the  exact  value  of  the 
specific  heat  of  air  was  predicted  by  an  indirect  calculation  in 
1850,  neither  it,  nor  that  of  any  other  gas,  was  determined  accu- 
rately by  direct  experiment  until  M.  Regnault  made  his  experi- 
ments on  that  subject,  the  results  of  which  were  published  in  the 
Comptes  Eendus  of  the  Academy  of  Sciences  for  1853. 

The  specific  heat  of  a  gas  which  is  nearly  in  the  perfectly  gaseoiis 
state  does  not  sensibly  vary  with  density  or  with  temperature ;  so 
that  for  such  a  gas,  equal  intervals  of  temperature  correspond  to 
equal  quantities  of  heat  on  all  parts  of  the  thermometiic  scales. 

Hence  it  has  been  inferred  as  probable,  that  the  absolute  zero  of 
the  perfect  gas  thermometer  (Article  201)  coincides  either  exactly,  or 
very  nearly,  with  the  absolute  zero  of  heal,  or  temperature  at  which 
bodies  are  wholly  destitute  of  the  condition  called  heat.  This 
inference  is  corroborated  by  facts  to  be  mentioned  in  Chapter  IIL 
of  this  Part. 

It  was  shown  by  Laplace  and  Poisson,  that  the  specific  heat  of  a 
gas  is  different,  according  as  it  is  maintained  at  a  oomsstaad  volufne, 
or  at  a  constant  presstire,  during  the  operation  of  changing  its  tem- 
peittture,  and  that  the  ratio  which  these  two  specific  heats  bear  to 
each  other  is  connected  with  the  velocity  with  which  sound  is  trans- 
mitted through  the  gas,  in  the  following  manner  : — 

When  a  pound  of  a  given  gas  is  enclosed  in  a  vessel  of  invariahle 
volwme,  let  c,  denote  the  number  of  units  of  heat  required  in  oixier 
to  raise  its  temperature  one  degree. 

When  the  same  weight  of  the  same  gas  is  contained  in  a  space 
capable  of  enlargement,  and  subjected  to  a  constant  pressure,  and 
when  its  temperature  is  raised  by  one  degree,  it  not  only  becomes 
hotter  to  the  same  extent  as  before,  but  also  expands  by  00020276 
of  its  volume  at  32"^;  and  it  is  known,  that  to  raise  its  temperature 
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one  degree,  and  expand  its  volume  by  that  fraction,  requires  a 
quantity  of  heat  c^^  which,  is  greater  in  a  certain  proportion  than  | 

that  required  merely  to  raise  its  temperature  one  degree  without 
expanding  it  (c,). 

Let  the  ratio    '  =  y.     Then  it  can  be  shown,  that  when  the 

density  of  the  gas  D  is  made  to  vary  without  any  transfer  of  heat 
to  or  from  the  gas,  the  pressure  varies  proportionally  to  that  power 
of  the  density  whose  index  is  the  ratio  y  j  that  is — 

p  oc  Dy (1.) 

The  velocity  with  which  sound  is  transmitted  through  any  sub- 
stance is  the  same  with  that  which  a  heavy  body  would  acquire  in 
fiEJling  through  one-half  of  the  height  which,  being  multiplied  by 
a  small  variation  of  the  density  of  the  substance,  gives  the  corre- 
sponding small  variation  of  the  pressure.  That  is,  let  u  denote  the 
velocity  of  sound ;  then 

dJ)  ) 


-=vo 


.(2.) 


According  to  equation  1,  for  a  gas, 

dp         yp  V  ,„ . 

^D'  =  D"  =  yp^  =  yp»^» '  ,^J (3) 

and  consequently, 

w  =  a/  (gypo^o-  —]}  y  =  Ji3_ (4.) 

80  that  w^en  the  velocity  of  sound  at  a  given  absolute  temperature 
T  has  been  ascertained  in  a  gas  for  which  j?^  v^  is  known,  the  ratio  y 
can  be  calculated. 

The  value  of  that  ratio  for  atmospheric  air,  as  deduced  from  the 
experiments  of  MM.  Bravais  and  Martins,  and  MM.  Moll  and  Van 
Beek,  on  the  velocity  of  sound,  is 

y  =  1-408; (5.) 

and  the  same  value  agrees  very  nearly  also  with  the  experiments  of 
Dulong  on  the  velocity  of  sound  in  oxygen,  hydrogen,  and  carbonio 
oxide.  For  the  denser  and  more  complex  gases,  its  value  appears 
to  be  smaller  (see  Edin,  Trans.,  xx.) 

Owing  to  the  difficulty  of  experimenting  on  the  specific  heats  of 
gases  at  constant  volume,  their  specific  beats  under  constant  pres- 
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sure  have  alone  been  found  by  direct  experiment  with  the  calorime- 
ter.    Examples  of  both  kinds  of  specific  heat  are  given  in  Table  IL 

211.  lAteat  n«ai  means,  a  quantity  of  heat  which  has  diaap- 
peared;  having  been  employed  to  produce  some  change  other  thaa 
elevation  of  temperature.  By  exactly  reversing  that  change,  the 
quantity  of  heat  which  had  disappeared  is  reproduced. 

When  a  body  is  said  to  possess  or  contain  so  much  latent  heat, 
what  is  meant  is  this, — ^that  the  body  is  in  a  condition  into  which 
it  was  brought  from  a  former  different  condition  by  transferring  to 
it  a  quantity  of  heat  which  did  not  raise  its  temperature,  the  change 
of  condition  having  been  different  from  change  of  temperature ;  and 
that  by  restoring  the  body  to  its  original  condition  in  such  a  man- 
ner afl  exactly  to  reverse  all  the  steps  of  the  former  process,  the 
quantity  of  heat  formerly  expended  can  be  reproduced  in  the  body 
and  transferred  to  other  bodies. 

The  principles  according  to  which  such  disappearance  and  pro- 
duction of  heat  take  place  belong  to  the  Second  and  Third  Chapters 
of  this  Part;  at  present  the  facts  are  merely  to  be  stated  as  they 
are  observed. 

The  effects  other  than  rise  of  temperature,  produced  by  quanti- 
ties of  heat  which  disappear,  can  be  used  to  measure  and  compare 
those  quantities. 

212.  ijuimmt  Vest  of  Ezpansion — Heat  which  disappears  in  caus- 
ing the  volume  of  a  body  to  increase  under  a  given  pressure,  has 
already  been  illustrated  in  the  case  of  gases.  For  example,  to 
raise  the  temperature  of  a  pound  of  air  one  degree  of  Fahrenheit, 
and  at  the  same  time  to  increase  its  volume  by  0*0020276  of  its 
volume  at  32°,  requires  c,  =  0-238  of  a  thermal  unit;  while  the 
mere  rise  of  temperature,  without  expansion,  requires  only  c,  = 
0*169;  and  it  is  evident  that  the  difference  between  those  quanti- 
ties, or  Cp  —  c,  =  0'069  of  a  thermal  unit,  is  the  Jieat  which  disap- 
pears in  producing  the  be/ore-mentioned  expansion;  or,  in  other 
words,  the  IcUerU  heat  of  expansion  of  the  air,  for  an  expansion  of 
0*0020276  of  its  volume  under  the  same  pressure  at  32°. 

The  fact  already  mentioned,  that  the  increase  of  the  specific  heat 
of  solids  and  liquids  as  the  temperature  rises  is  greatest  for  those 
which  are  most  expansible  by  heat,  and  in  particular,  the  instance 
of  that  fact  which  takes  place  for  water,  whose  least  specific  heat 
corresponds  to  its  greatest  density,  makes  it  probable  that  the 
variable  part  of  the  specific  heat  of  solids  and  liquids  is  latent  heat 
o/ expansion;  and  that  the  real  specific  heat  of  every  substance,  or 
the  heat  which  produces  chabges  of  temperature  alone,  is  constant 
for  all  temperatures. 

213.  lAtont  BTeat  of  FobIob. — ^When  a  body  passes  from  the 
solid  to  the  liquid  state,  its  temperature  remains  stationary,  or 
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nearly  stationaiy,  at  a  certain  melting  point  (Art.  205)  during  the 
whole  operation  of  meltings  and  in  order  to  make  that  operation 
go  on,  a  quantity  of  heat  must  be  transferred  to  the  substance 
melted,  having  a  certain  amount  for  each  unit  of  weight  of  the 
substance.  That  heat  does  not  raise  the  temperature  of  the  sub- 
stance, but  disappears  in  causing  its  condition  to  change  from  the 
solid  to  the  liquid  state ;  and  it  is  called  the  latent  lieai  of  fusion. 

When  a  body  passes  from  the  liquid  to  the  solid  state,  its  tem- 
perature remains  stationary  or  nearly  stationary  during  the  whole 
operation  of  freezing;  a  quantity  of  heat  equal  to  the  latent  heat 
of  fusion  is  produced  in  the  body;  and  in  order  that  the  opera- 
tion of  freezing  may  go  on,  that  heat  must  be  transferred  from 
the  body  to  some  other  body. 

The  followiiig  are  examples  in  British  thermal  units  per  lb. : — 

Substances.  Melting  points.  ^f*f!l!i^* 

Ice  (accordingto  Peclet), 32° 135 

„    (according  to  Person), 32  i42'65 

Spermaceti, 56  148 

Bees'wax, 140  175 

Phosphorus, 177  9*06 

Sulphur, 405  i6'86 

Tin, 426  500 

M.  Person,  in  a  paper  published  in  the  Annales  de  Chimie  et  de 
Physique,  for  November,  1849,  gives  the  following  law  as  the  result 
of  his  experiments  on  the  latent  heat  of  fusion  of  non-metallic 
substances: — 

Let  c  be  the  specific  heat  of  the  substance  in  the  solid  state ; 

</,  its  specific  heat  in  the  liquid  state ; 

T,  its  temperature  of  fusion  in  Fahrenheit's  ordinary  scale ;  then 
the  latent  heat  of  fusion  of  one  pound,  in  British  thermal  units,  is 

;  =  ((/  —  c)  (T  +  256°) (1.) 

In  the  case  of  ice,  for  example,  c  =  0*504;  d  =  1;  T  =•-  32°,  and 

/,  by  calculation, =  '496  X  288  =  142*86 

I,  by  experiment,  according  to  M.  Person, =  142-65 

Difference, 0-21 

M.  Person  also  gives  a  general  formula  for  the  latent  heat  of 
fusion  of  metals,  as  to  which  it  is  sufficient  here  to  refer  the  reader 
to  the  original  paper  cited 

The  fusion  of  solids  is  sometimes  used  for  the  measurement  of 
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quantities  of  heat.  For  example,  an  ice  calorimeter  consists  essen- 
tially of  a  block  of  ice,  in  which  a  cavity  has  been  made,  with  a 
stop)>er  of  ice  for  closing  it  If  a  piece  of  some  substance  at  a  given 
temperature,  higher  than  32^,  is  enclosed  in  that  cavity  until  its 
temperature  falls  to  32°,  the  quantitv  of  heat  transfeiTed  from  it  to 
the  ice  is  indicated  by  the  weight  of  ice  melted,  being  at  the  rate 
of  142  British  thermal  units  for  each  pound  of  ice  melted. 

The  lowering  of  the  melting  point  of  ice  by  pressure,  discovered 
by  Mr.  Thomson,  will  be  described  in  Chapter  IIL 

214.  l^atent  Heat  of  BvapMatiMi. — ^Whena  body  passes  from  the 
solid  or  liquid  to  the  gaseous  state,  its  temperature  during  the  whole 
operation  remains  stationary  at  a  certain  boiling  point  (Ai'ticle  206) 
depending  on  the  pressure  of  the  vapour  produced ;  and  in  order  to 
make  the  evaporation  go  on,  a  quantity  of  heat  must  be  transferred 
to  the  substance  evaporated,  whose  amount,  for  each  unit  of  weight 
of  the  substance  evaporated,  depends  on  the  temperature.  That  heat 
does  not  raise  the  temperature  of  the  substance,  but  disappears  in 
causing  it  to  assume  the  gaseous  state;  and  it  is  called  the  latent 
heat  of  evaporatiaiU 

When  a  body  passes  from  the  gaseous  state  to  the  liquid  or  solid 
state,  its  temperature  remains  stationary,  during  that  operation,  at 
the  boiling  point  corresponding  to  the  pressure  of  the  vapour;  a 
quantity  of  heat  equal  to  the  latent  heat  of  evapomtion  at  that 
temperature  is  produced  in  the  body ;  and  in  order  that  the  opera- 
tion of  condensation  may  go  on,  that  heat  must  be  transferred  from 
the  body  condensed  to  some  other  body. 

The  relations  which  exist  between  the  latent  heat  of  evaporation, 
and  the  pressure  and  volume  of  the  vapour,  will  be  explained  in 
Chapter  IIL 

The  following  are  examples  of  the  latent  heat  of  evaporation  in 
British  thermal  units,  of  one  pound  of  certain  substances,  when  the 
pressure  of  the  vapour  is  one  atmosphere  of  14*7  lbs.  on  the  square 
inch : — 

Bofling  point  j^^  .       . 

Sabfltance.  under  one  atm.  TrV!,  ...  Authority. 

n  .  Dntlsn  units. 

Water, 2i2®-o         ...         966'!         ...         Begnault. 

Alcohol, 172*3         ...         364*3         ...         Andrews. 

-^ther, 95'Q         ...         162*8         ...  do. 

^tier-^f }  "-^-^  -  ^^'-^  -    '^' 

The  latent  heat  of  evaporation  of  water  at  a  series  of  boiling 
points  extending  from  a  few  degrees  below  its  freezing  point  up  to 
about  375**  Fahrenheit  has  been  determined  experimentally  by  M. 
Begnault  {Memoirs  of  Hie  Academy  ofSdences,  1847).     The  follow- 
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ing  empirical  formula  represents  the  results  of  those  experiments 
with  great  precision,  in  British  tfiermal  units : — 

I  =  1091-7  —  0-695 (T—  32**)  —  0-000000103  (T  —  39*'-l)8....(l.) 

This  formula  is  not  exactly  the  same  with  that  given  by  M. 
Regnault  himself,  but  is  slightly  modified  for  reasons  explained  in 
a  paper  on  the  specific  heat  of  liquid  water,  in  the  Transactions  of 
the  Royal  Society  of  Edinburgh,  voL  xx.    For  the  Centigrade  scale, 
in  French  units,  it  becomes 

I  =  606-5  —  0-695  T  —  00000003S  (T  —  4^)» (2.) 

In  most  of  the  cases  which  occur  in  practice,  it  is  sufficient  to 
calculate  the  latent  heat  of  evaporation  of  water  by  the  following 
approximate  formula : — 

I  nearly  =  1092  —  0-7  (T  —  32o)  =  966  —  0-7  (T  —  212**).. .(3.) 

The  latent  heats  of  evaporation  of  other  substances  at  pressures 
different  from  one  atmosphere  have  not  yet  been  ascertained. 

215.  T«ua  He^t  of  wtwpmrmUout  or  total  heat  qfwipoury  is  a  con- 
ventional phraso  used  to  denote  the  sum  of  the  heat  which  disappears 
in  evaporating  one  pound  of  a  given  substance  at  a  given  tempera- 
ture (or  latent  heat  of  evapcrationX  and  of  the  heat  required  to  raise 
its  temperature,  before  evaporation,  from  some  fixed  temperature 
np  to  the  temperature  of  evaporation.  The  latter  part  of  the  total 
he^t  is  oUled  the  sensible  heal. 

To  express  this  by  symbols,  let  T^  be  the  temperature  at  which 
the  substance  is  originally  obtained,  T^  that  at  which  it  is  evapor- 
ated, c  its  mean  specific  heat  between  those  temperatures,  and  l^  its 
latent  heat  of  evaporation  at  the  temperature  T^;  then  its  total 
heat  of  evaporation, /rom  Tg,  at  Tj,  is  thus  expressed — 

•  A2.1  =  « (Tx  -  Tj)  +  k (1.) 

In  formidae  and  tables  relating  to  the  total  heat  of  evapoi-ation,  it 
is  usual  to  take  for  the  original  temperature  Tg,  that  of  melting  ice. 

In  the  case  of  water,  the  experiments  of  M.  Kegnault,  already 
referred  to,  led  him  to  the  discovery  of  the  very  simple  law,  that 
the  total  lieat  of  steam  from  the  temperature  of  melting  ice  increases 
at  an  urdfonrm  rate  as  the  temperature  of  evaporation  rises.  The 
following  is  the  formula  by  which  that  law  is  expressed,  for  Fall- 
renheit's  scale  and  British  units : — 

h  =r  1091-7  +  0-305  (T  —  32**) ; (2.) 

which,  for  the  Centigrade  scale  ami  Frendi  units,  becomes 

h  =  606-5  +  0-305  T (2  A.) 
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It  is  hj  Bubtractmg  from  this  expression  the  quantity  of  heat 
required  to  raise  unity  of  weight  of  water  from  the  temperature  of 
melting  ice  to  the  temperature  of  evaporation  T,  as  given  in  Article 
209,  that  the  formulae  1  and  2  of  Article  214  are  obtained. 

Let  0^2  ^^  ^^  mean  specific  heat  of  water  between  the  tempera* 
ture  of  meltiug  ice  and  the  temperature  Tg  of  the  "feed  water  *' 
supplied  to  a  boiler ;  then  we  have,  for  the  total  heat  expended 
per  pound  of  water  evaporated /rom  Tg  ^  Tj,  the  following  formula 
(in  British  units)  ; — 

7^2,1=  1091-7  +  0-305  (Ti  —  32^)-.  ca,2  (Tj  —  32^);...(3.) 

the  last  term  showing  the  diminution  of  the  expenditure  of  the 
heat  consequent  upon  the  temperature  of  the  feed  water  being 
Tg  —  32°  higher  than  that  of  melting  ice. 

In  most  of  the  cases  which  occur  in  practice,  small  fractions  may 
be  neglected,  and  the  specific  heat  of  liquid  water  may  be  treated 
Ba  constant,  and  =  1  ^  so  that  the  following  approximate  formulae 
are  in  such  causes  sufficient : — 

k  =  1092  +  0-3  (T  —  32°)  =  1146  +  0*3  (T  —  212°);.. .(4.) 

7*2,1  =  1092  +  0-3  (Ti  —  32°)  —  (Tg  —  32°) (5.) 

215  A.  mCeasarement  of  BTcat  hj  Evaporation — Tlie  heat  pro- 
duced by  the  combustion  of  a  given  weight  of  fuel  (of  which 
examples  will  be  given  in  Chapter  II.)  is  usually  ascertained  by 
finding  what  weight  of  water  it  evaporates.  In  such  experiments, 
it  is  essential  to  the  obtaining  of  accurate  results  that  the  tempera- 
ture of  the  feed  water  and  the  temperature  of  evaporation  should 
both  be  ascertained,  and  the  total  heat  per  pound  of  water  com- 
puted ;  for  which  purpose  the  approximate  formula  5  is  sufficient. 
That  total  heat  being  divided  by  966,  the  latent  heat  of  evapomtion 
of  a  pound  of  water  at  212°,  gives  a  miUiiplier,  by  which  the  weight 
of  water  actuaUy  evaporated  by  each  pound  of  fuel  is  to  be  multi- 
plied, to  reduce  it  to  the  equivaletU  evaporatuni  from  and  at  212°; 
that  is,  tlie  weight  of  water  v:hich  would  Ivave  been  ei'aporatcd  bj/  each 
pound  of  fuelf  Iiad  tlie  water  been  both  supplied  and  evaporated  at  the 
boiling  point  corre8j)07iding  to  the  mean  atniospheric  pressure. 

The  weight  of  water  so  calculated  is  called  the  evaporative  power 
of  the  fuel.  To  state  it  is,  in  fact,  to  employ  a  peculiar  thermal 
unit, — viz.,  the  latent  heat  of  evaporation  of  one  pound  of  water  at 
212°,  which  is  966  times  greater  than  the  ordinary  British  thermal 
unit.  To  exemplify  the  reduction  above  described,  let  the  water  be 
supplied  to  the  boiler  at  104°  Eahr.,  and  evaporated  at  230°.  Then 
by  equation  5  of  Article  15,  the  total  heat  of  evaporation  in  com- 
mon British  units  per  poimd  of  steam  is  (neglecting  factions), 
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^2,1  =  1092+  ^  .  198  — 72  =  1079; 

and  the  multiplier  by  which  the  weight  of  water  actually  evaporated 
is  to  be  multiplied  to  find  the  equivalent  evaporation  from  and  at 
21 2^  is 

1^^^    =  1.117 
9G6 

The  following  is  a  convenient  form  of  the  expression  for  that 
multiplier,  or  factor  of  evaporation  : — 

.         0-3  (Ti  —  212")+  (212°  — Tg) 
^    "^  966  • 

The  table  on  the  next  page  gives  the  factor  of  evaporation  as 
calculated  by  the  above  formula,  for  various  temperatures  of  feed 
water  and  of  boiling  point. 

216  Total  Heat  of  Gascflcation. — It  is  demonstrated  by  rea- 
soning to  be  explained  in  Chapter  III.  that  the  total  heat  required 
to  convert  a  given  substance  from  a  state  of  great  density  at  a  given 
temperature  Tq,  to  the  peifectly  gaseous  state  at  a  given  temperature 
Tj,  the  operation  being  completed  under  any  constant  pressure,  is 
given  by  the  equation 

h^a  +  d{T^  —  T,) (1.)* 

where  a  is  a  constant,  and  d  is  the  specific  heat  of  the  substance 
in  the  perfectly  gaseous  state,  under  constant  pressure.  For  steam  in- 
the  perfectly  gaseous  state,  or  stemn-gas,  as  it  may  be  called,  for  which 

jpav^  =  42141  foot-lbs., 

the  best  existing  data  give 

a  =  1092.  . 

.(2.) 


4 


(f  =  0-475. 

For  example,  to  convert  one  pound  of  water  at  32®  into  steam-gas 
at  212^,  requires 

1092 +  -475  X  180  =  1177 

units  of  heat ;  being  more  than  the  quantity  required  to  make 
satiu'ated  steam  at  the  same  temperature,  in  the  ratio 

1177 


1146 


=  1-028. 


*  Equation  1  was  fint  detnoDstrated  for  certain  cases  in  1849,  in  a  paper  published 
in  the  Transactions  ofths  Royal  Society  of  Edinburgh,  voL  xx.;  and  was  afterwards 
more  generally  demonstrated  in  a  paper  read  to  that  Society  in  1855,  but  not  yet 
published. 
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Section  3. — OfthA  Transfer  ofHeai, 

217.  TvmmAt  •meat  la  Gen«ff«L — It  has  already  been  explained 
(Articles  196,  197),  that  equality  of  temperature  between  two 
bodies  consists  in  the  absence  of  any  tendency  to  transfer  of  heat 
between  them ;  and  that  when  their  temperatures  differ,  there  is 
a  tendency  to  equalize  their  temperatures,  by  the  transfer  of  heat 
from  the  hotter  to  the  colder.  That  tendency  is  the  greater,  the 
greater  the  difference  between  those  temperatures. 

The  rate  at  which  the  transfer  of  heat  takes  place  between  two 
bodies,  at  unequal  temperatures,  depends — 

First,  on  the  tendency  to  transfer  heat,  increasing  as  some  func- 
tion of  the  two  temperatures  and  their  difference. 

Secondly,  on  the  areas  of  those  parts  of  the  surfaces  of  the  bodies 
through  which  the  transfer  of  heat  takes  place.  In  most  of  the 
cases  which  occur  in  practice,  those  areas  are  equal,  and  then  the 
rateof  transfer  of  heat  is  directly  proportional  to  their  common  extent. 

Thirdly,  on  the  nature  of  the  material  of  each  of  the  bodies,  and 
the  condition  of  their  surfaces* 

Fourthly,  on  the  nature  and  thickness  of  the  intervening  sub- 
stances, if  any.  Increase  of  that  thickness  diminishes  the  rate  of 
transfer  of  heat. 

The  transfer  of  heat  takes  place  by  three  processes,  called  respec- 
tively, radicUion,  conduction,  and  convection. 

218.  Badiaiioa  of  heat  takes  place  between  bodies  at  all  distances 
apart,  in  the  same  manner  and  according  to  the  same  laws  with  the 
i*adiation  of  light  Its  phenomena  have  been  studied,  and  its  laws 
ascertained,  by  many  scientific  inquirers;  but  for  purposes  con- 
nected with  prime  movers  driven  by  means  of  heat,  the  exact  and 
complete  statement  of  those  laws  is  unnecessary.  It  is  sufficient  to 
state,  that  the  rate  of  radiation  of  heat  by  the  hotter  of  a  pair  of 
bodies,  and  of  its  absorption  by  the  colder,  are  increased  by  dark- 
ness and  roughness  of  the  surfaces  of  the  bodies,  and  diminished  by 
smoothness  and  polish. 

219.  c*adaeti*a  is  the  transfer  of  heat  between  two  bodies  or 
parts  of  a  body,  which  touch  each  other.  It  is  distinguished  into 
internal  and  external  conduction,  according  as  it  takes  place  between 
the  parts  of  one  continuous  body,  or  through  the  surface  of  contact 
of  a  pair  of  distinct  bodiea 

The  rate  at  which  conduction,  whether  internal  or  external,  goes 
on,  being  proportional  to  the  area  of  the  section  or  surface  through 
which  it  takes  place,  may  be  expressed  in  the  form  of  so  many 
tliermal  units  per  sqyuvrefoot  of  area,  per  hour,  * 

The  rate  of  internal  conduction  through  a  given  substance^  thus 
expressed^  is  proportional — 

S 
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I.  To  the  rate  at  which  the  temperature  varies  along  a  line  pet^ 
pendicular  to  the  section  through  which  the  heat  is  transferred. 

II.  To  a  oo-efficient  called  the  internal  conductivitt/  of  the  sub- 
stance, which  depends  on  the  nature  of  the  substance.  It  also 
depends  to  a  small  extent  on  the  temperature  at  the  section  under 
consideration,  being  in  general  somewhat  greater  at  higher  than  at 
lower  temperatures;  but  the  law  of  its  increase  with  temperature 
has  not  yet  been  accurately  ascertained  in  any  case ;  and  it  is 
usually  treated  as  approximately  constant. 

Those  laws  are  expressed  mathematically  as  follows  : — 

Let  dx  denote  the  distance,  in  a  direction  perpendicular  to  a 
sectional  plane  through  which  heat  is  transferred,  between  a  pair  of 
points  in  a  mass  of  a  given  substance ; 

d  T,  the  difference  between  the  temperatures  of  the  mass  of  those 
points; 

Then  the  rate  of  conduction  through  the  given  sectional  plane 
may  be  represented  by 

^="'^.' (^•> 

k  being  the  co-efficient  of  conductivity.  Now  in  canes  where  k 
without  sensible  error  may  be  treated  as  constant,  the  above  equa- 
tion leads  to  the  conclusion,  that  the  rate  of  conduction  through  a 
flat  layer,  of  any  uniform  thickness,  is  simply  proportional,  dir^ly 
to  the  difference  between  the  temperatures  of  the  two  faces  of  the 
layer,  and  inversely  to  its  thiclmess;  a  principle  expressed  aa 
foUows  :— 

T' T 

q^k'^^—±; (2.) 

X 

where  T  and  T  are  the  temperatures  at  the  two  iauces  of  the  layer, 
and  X  its  thickness.  For  reasons  which  will  afterwards  appear,  it 
is  convenient,  in  cases  of  this  kind,  instead  of  the  conductivity  k 
itself,  to  use  its  reciprocal,  which  may  be  called  the  internal  thermal 
renstance  of  the  substance^  and  may  be  represented  as  follows  :— • 


1 
k 


e  =  x; (3-) 


80  u  to  transfonn  equation  2  into  the  following  form : — 

r— T  ... 

« ^ <*•> 

The  following  are  some  values  of  the  oo-efficient  of  thermal 
resistance  c>  for  different  substances,  when  q  is  expressed  in  therTnal 
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tmiis  per  hour  per  square  foot  of  area,  and  x  in  inches,  as  computed 
from  a  table  of  conductivities  deduced  by  M.  Peclet  from  experi- 
ments by  M.  Despretz : — 

e 

Gold,  platinum,  silver, o-ooi6 

Copper, oooiS 

Iron, 0*0043 

Zinc, 0-0045 

Lead, • 0*0090 

Marble, 0*0716 

Brick, 01500 

The  total  internal  thermal  resistance  of  a  plate  consisting  of 
layers  of  different  substances  may  be  found  by  adding  together  the 
resistances  of  the  several  layers.  Thus,  let  x  denote  the  thickness 
of  any  one  of  those  layers;  e^  the  co-efficient  of  thermal  resistance 
of  the  substance  of  which  it  consists  :  let  2,  as  usual,  denote  the 
summation  of  a  set  of  quantities,  so  that  2  *  x,  for  example,  is  the 
total  thickness  of  the  compound  plate ;  then 

is  the  total  thermal  resistance  of  that  plate,  and 

T T 

^=%T7f. («•) 

the  rate  of  conduction  through  it  per  square  foot  per  hour,  when 
T'  and  T  are  the  temperatures  of  its  hotter  and  cooler  faces  respec- 
tively. 

The  rate  of  external  conduction  through  the  bounding  surface 
between  a  solid  body  and  a  fluid  is  approximately  proportional  to 
the  difference  of  temperature,  when  that  is  small ;  but  when  that 
difference  is  considerable,  the  I'ate  of  conduction  increases  faster 
than  in  the  simple  ratio  of  that  difference,  as  will  afterwards  be 
shown  more  in  detail 

The  rate  of  external  conduction  may  be  expressed  by  dividing 
the  difference  of  temperature  by  a  co-efficient  of  external  tJiermal 
reeietance,  depending  on  the  nature  of  the  substances,  and  also  on 
their  temperatures.  Let  the  values  of  that  co-efficient,  for  the  two 
surfaces  of  a  given  plate,  be  denoted  by  9,  9,  respectively;  let  x  be 
the  thickness  of  the  plate  in  inches,  as  before,  and  e  its  co-efficient 
of  internal  thermal  resistance;  then  the  total  thermal  resistance  of 
the  plate  and  of  its  two  external  surfaces  is 

and  the  rate  of  conduction  through  it  is 
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^  =  7+7+7^ («•) 

Wliere  T,  T,  are  now  the  temperatures,  not  of  the  two  surfacefl  of 
the  plate,  but  of  the  two  fluids  which  are  respectively  in  contact 
with  its  two  faces. 

The  external  thermal  resistance  of  the  metal  plates  of  boiler  flues 
and  tubes,  and  other  apparatus  used  for  heating  and  cooling  fluids, 
is  so  much  greater  than  the  internal  thermal  resistance,  that  the 
latter  is  inappreciable  in  comparison;  and,  consequently,  the  nature 
and  thickness  of  those  plates  has  no  appreciable  eflect  on  the  rate 
of  conduction  through  them. 

The  combined  external  thermal  resistances  of  both  sui&kces  of  a 
])late,  when  one  is  in  contact  with  a  liquid  and  the  other  with  air, 
have,  according  to  M.  Peclet,  values  capable  of  being  expressed  by 
the  following  formula : — 

"'^'^^  A{l  +  B{T  —  T)\ ^^'^ 

in  which  the  constants  depend  chiefly  on  the  condition  of  the  surface 
of  the  body,  and  have  the  following  values  :— 

B  for  polished  metallic  surfaces, 0*0028 

B  for  rough  metallic  surfaces,  and  non-metallic  surfaces,  0*0037 

A  for  polished  metals,  about .0-90 

A  for  glassy  and  varnished  sur&ces, 1*34 

A  for  dull  metallic  sur&ces, 1*58 

A  for  lamp  black, 178 

When  a  metal  plate  has  a  liquid  at  each  side  of  it,  it  appears 
from  experiments  by  M.  Peclet,  that  the  constants  in  equation  7 
take  the  following  values  : — 

B  =  0-058 ;  A  =  8-8. 

It  will  be  shown  in  a  subsequent  Article,  that  the  results  of 
exi)eriments  on  the  evaporative  power  of  boilers  agree  very  well 
with  the  following  approximate  formula  for  the  thermal  resistance 
of  boiler  plates  and  tubes  : — 

''  +^=Y'zrT' ^^'^ 

which  gives  for  the  rate  of  conduction,  per  square  foot  of  surface 
per  hour, 

,=^^. (..) 
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This  formula  id  not  proposed  as  being  more  than  a  rough  approxi- 
mation, but  its  simplicitj  makes  it  very  convenient,  and  it  will  be 
shown  that  it  is  near  enough  to  the  truth  for  its  purpose. 

The  value  of  a  lies  between  160  and  200. 

220.  c*«TMitoa  mr  Canrrlag  of  heat  means  the  transfer  and 
diffusion  of  the  state  of  heat  in  a  fluid  mass  by  means  of  the  motion 
of  the  particles  of  that  mass. 

The  conduction,  properly  so  called,  of  heat  through  a  stagnant 
mass  of  fluid,  is  very  slow  in  liquids,  and  almost,  if  not  wholly, 
inappreciable  in  gases.  It  is  only  by  the  continual  circulation  and 
mixture  of  the  particles  of  the  fluid  that  uniformity  of  temperature 
can  be  maintained  in  the  fluid  mass,  or  heat  trazLsferred  between 
the  fluid  mass  and  a  solid  body. 

The  laws  of  the  cooling  of  thermometer  bidbs  by  convection, 
when  placed  in  receivers  filled  with  diiferent  gases  in  diflerent, 
states  as  to  pressure,  were  ascertained  by  Dulong  and  Petit;  but 
the  circumstances  of  the  experiments  were  too  unlike  those  which 
occur  in  boilers  and  furnaces  to  enable  those  laws  to  be  used  in  tlie 
solution  of  questions  connected  with  heat  engines. 

The  free  circulation  of  each  of  the  fluids  which  touch  the  sides  of 
8  solid  plate  is  a  necessary  condition  of  the  correctness  of  the  for- 
mulae for  the  conduction  of  heat  through  that  plate,  which  have 
been  given  in  Article  219;  and  in  each  of  those  formidffi  it  is 
implied,  that  the  circulation  of  each  of  the  fluids  by  currents  and 
eddies  is  such  as  to  prevent  any  considerable  difl^erence  of  tempera- 
ture between  the  fluid  particles  in  contact  with  one  side  of  the 
solid  plate  and  those  at  considerable  distances  from  it 

It  is  to  promote  that  circulation,  and  so  to  insure  uniformity  of 
temperature  in  the  fluid  mass,  that  an  agitator  is  employed  in  the 
water  calorimeter,  as  already  stated  in  Article  207  A.  For  a 
similar  purpose,  large  boiler  flues  are  sometimes  provided  with 
*^ bafflers;"  that  is,  projecting  partitions  which  compel  the  hot 
gases  to  take  a  circuitous  course,  in  order  that  eddies  may  be 
formed,  so  as  to  bring  as  many  diflerent  particles  as  possible  suc- 
cessively in  contact  with  the  heating  surface.  Those  bafflers,  how- 
ever, have  also  another  object,  which  is  to  promote  that  thorough 
mixture  of  air  with  the  inflammable  gas  from  the  fuel,  which  is 
necessary  to  complete  combustion. 

The  most  rapid  convection  of  heat  is  that  which  is  effected  by 
means  of  cloudy  vapour,  which  combines  the  mobility  of  a  gas  with 
the  comparatively  greater  conducting  power  of  a  liquid ;  as  when 
steam  communicates  heat  to  a  solid  body  by  condensing  on  its 
surface.  Some  data  as  to  the  rate  at  wluch  this  process  goes  on 
will  be  given  in  Article  222. 

When  heat  is  to  be  transferred  by  convection  from  one  fluid  to 
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another  through  an  intervening  layer  of  metal,  the  motions  of  the 
two  fluid  masses  should  if  possible  be  in  opposite  direcUonSf  in  order 
that  the  hottest  particles  of  each  fluid  may  be  in  communication 
with  the  hottest  particles  of  the  other,  and  that  the  minimum 
difference  of  temperature  between  the  adjacent  particles  of  the  two 
fluids  may  be  the  greatest  possible. 

Thus  in  the  surface  condensation  of  steam,  by  passing  it  through 
metal  tubes  immersed  in  a  current  of  cold  water  or  air,  the  cooling 
fluid  should  be  made  to  move  in  the  opposite  direction  to  the  con- 
densing steam. 

In  a  steam  boiler,  it  is  favourable  to  economy  of  fiiel  that  the 
motion  of  the  water  and  steam  should  on  the  whole  be  opposite  to 
that  of  the  flame  and  hot  gas  for  the  furnace. 

Thus,  if  there  is  a  "  feed- water  heater,"  consisting  of  a  set  of 
tubes  through  which  the  water  passes  to  be  heated  before  entering 
the  boiler,  that  apparatus  should  be  placed  in  or  near  the  foot  of 
the  chimney,  so  as  to  be  heated  by  gas  that  has  left  the  boiler,  and 
thus  to  employ  heat  that  would  otherwise  be  wasted.  The  coolest^ 
that  is,  the  lowest  portions  of  the  water  in  the  boiler,  should,  if 
practicable  and  convenient,  be  contiguous  to  the  coolest  parts  of  the 
furnace  and  heating  surface ;  and  if  there  is  apparatus  for^  tiuper- 
hetUing  the  steam,  or  raising  its  temperature  above  the  boiling  point 
corresponding  to  its  pressure,  that  apparatus  will  be  most  eflicient 
if  placed  in  the  hottest  part  of  the  furnace,  like  that,  for  example, 
of  Messrs.  Parsons  and  Pilgrim. 

221.  BAcieacy  •f  HeoUag  s«rflicc. — When  a  layer  of  metal, 
lying  between  two  flowing  masses  of  fluid,  serves  as  the  means  of 
transmitting  heat  from  the  hotter  to  the  cooler  of  those  masses,  the 
proportion  borne  by  the  quantity  of  heat  so  transmitted  to  the 
whole  quantity  of  heat  which  the  hotter  mass  must  lose  in  order  to 
reduce  it  to  the  temperature  of  the  colder  mass,  may  be  called  the 
efficiency  of  the  heating  suiface  of  that  layer  of  metal. 

In  most  of  the  cases  that  occur  in  practice,  the  layer  of  metal 
consists  of  the  flues,  tubes,  and  other  portions  of  the  solid  material 
of  a  boiler  which  are  exposed  to  heat ;  the  cooler  fluid  is  the  water 
in  the  boiler,  which  is  introduced  by  degrees  in  the  liquid  state  at 
a  low  temperature,  raised  to  a  higher  temperature,  and  evaporated; 
the  hotter  fluid  is  the  stream  of  air  and  hot  gases  which  comes  from 
thef  umace,  flows  along  the  heating  surface,  and  finally  escapes  by 
the  chimney. 

Let  W  denote  the  weight  of  gas  given  out  by  the  furnace  in  an 
hour;  &  its  specific  heat  at  constant  pressure;  T  —  t,  the  excess 
of  its  temperature  above  that  of  the  water  in  the  boiler  when  it  its 
in  contact  with  some  given  portion  of  the  heating  surface,  the  area 
of  which  poiiion  is  rf<;  let  q  denote  the  rate  of  conduction  per 
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square  foot  of  surface  per  hour,  corresponding  to  the  difference  of 
t^peratore  T  —  t;  then 

q  d  8 

is  the  heat  transmitted  by  the  portion  ds  of  the  heating  surface 
from  the  hot  gas  to  the  water,  and 

IS  the  lowering  of  the  temperature  of  the  gas  by  passing  over  the 
portion  of  heating  surface  ds.  It  arrives  at  the  next  elementary 
portion  of  heating  surface  with  a  diminished  temperature,  and  the 
rate  of  conduction  is  therefore  diminished  j  so  that  each  successive 
equal  portion  of  the  heating  surface  transmits  a  less  and  a  less 
quantity  of  heat,  until  the  hot  air  at  last  leaves  the  heating  surface 
and  escapes  up  the  chimney,  with  a  certain  remaining  excess  of 
temperature  above  that  of  ^e  water  in  the  boiler,  the  heat  corre- 
sponding to  which  excess  is  wasted. 

Let  T|  denote  the  temperature  of  the  hot  gas  when  it  first  comes 
in  contact  with  the  heating  surface ;  Tj  its  temperature  when  it 
finally  leaves  the  heating  sur&ce;  then 


(Ti-<)n 


(2.) 


.(3.) 


the  whole  heat  expended  per  hour  is  c^  W  (T^  —  t) ; 
the  heat  wasted  per  hour  d  W 

the  efficiency  of  the  heating  surface, 

Tj^  —  f 

and  all  those  quantities  are  connected  together  by  the  equation  1, 
or  by  either  of  the  following  equations,  which  are  different  ways  of 
expressing  its  integral : — 

c^  W  (Ti  -  T^  =/  qds; (4.) 

c^-Jt.T' ^' 

in  which  last  equation,  S  denotes  the  whole  heating  sur&ce. 

To  represent  these  principles  graphically,  draw  A  D,  fig.  90,  to 
represent  the  whole  heating  sur&ce  S;  and  let  any  portion  of  tiiat 

line,  such  as  A  X,  represent  8,  a  part  of  that  surface.     Let  the 

oixlinate  AB  =  q^,  the  rate  of  conduction  for  the  initial  tempeiu- 
ture  T^.     In  D  A  produced,  take 
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^^£W^^ ^^j 


then  the  rectangle  O  A  *  A  B  "will  represent  the  whole  heat  ex- 
pended per  second 

Let  the  ordinate  XY  =  ^  n^resent 
the  rate  of  conduction  corresponding  to 
the  temperatui*e  which  the  hot  gas  has 
after  having  passed  over  the  portion 


A  X  =  «  of  the  heating  surface,  and  let 
B  Y  £  be  a  curve  drawn  through  the 
summits  of  a  series  of  such  ordinates ; 
then  the  area  of  any  part  of  that  curve, 
such  as  A  B  Y  X,  represents  the  heat 
transferred  per  hour  through  the  part  a 
of  the  heating  surface;  the  area  ABED  represents  the  heat 
transferred  per  hour  through  the  whole  heating  surface  S;  and 
when  the  curve  B  Y  E  is  produced  indefinitely,  the  area  contained 
between  it  and  its  asymptote  A  D  approximates  indefinitely  to  that 
of  the  rectangle  O  A  *  A  B. 

The  definite  results  of  these  principles  depend  on  the  relation 
between  q  and  T. 

Case  1. — If  we  assume  Peclet's  formula  (Article  219,  equation  0) 
for  the  thermal  resistance  of  the  plates,  we  find 

S'  =  A(T-«)[l  +  B(T-0]; (7.) 

and  this  ralae  being  introduced  into  equation  5,  gives  for  the 
integral  of  that  equation 

^         1     k      1      /T.— «    H-B(T.  — «)\ 

and  for  the  efficiency  of  the  heating  surface, 

T,-T, _  (/^-l)-{l+B(T,-0}  

The  values  of  the  constants  A  and  B  under  different  circum- 
stances have  been  given  in  Article  219. 

The  value  of  «*"  ^  is  easily  found  by  the  help  of  a  taUe  of  hyper^ 
bolic  logarithms,  being  the  number  whose  hyperbolic  logarithm  is 
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Case  2. — The  above  formula  being  too  complex  for  ready  use  in 
practdoe,  and  the  values  of  A  and  B  being  uncertain  in  furnaces  at 
high  temperatures,  the  supposition  expressed  in  equations  8  and  9 
of  Article  219,  viz.,  that  the  rate  of  conduction  is  nearly  propor- 
tional to  the  square  of  the  difference  of  temperature,  has  been  tried, 
and  found  to  agree  well  with  experiment,  as  will  afterwai'ds  be 
shown.     That  supposition  gives  as  the  integral  of  equation  5, 


S 


c'W 


=«-{T7l^,-T;4n}> m 


from  which  is  easily  deduced  the  following  value  of  the  efficiency 
of  the  heating  surface  : — 


T,-T,             S(T,-<) 
Tj  — e  '"S(Ti  — <)  +  ac^W ^  ^ 


This  may  be  put  into  another  form,  as  follows  : — Let  H  denote 
the  expenditure  of  heat  in  an  hour,  in  raising  the  temperature  of 
the  hot  gas  above  that  of  the  water;  then 

Tx-<=^-^; (12.) 

and  making  this  substitution  in  equation  11,  we  find  for  the  effi- 
ciency of  the  siirface, 

^^ac^^W*' <^^) 

This  result  is  represented  graphically  by  taking,  in  fig.  90, 


A0  = 


H 


and  making  B  Y  E  a  hyperbola  of  the  second  order,  with  O  D  and 
O  C  for  its  asymptotes. 

The  values  to  be  assigned  to  the  constants  in  equation  13,  will 
be  investigated  in  Chapter  II. 

222.    C«*llng    Barface— Snrfoce    CmtdesMittoB. — The   formulae   of 

the  preceding  Article,  case  1,  equations  8  and  9,  are  made  appli- 
cable to  cooling  surfaces  as  follows : — -Let  t  denote  the  temperature 
of  a  film  of  liquid,  at  one  side  of  a  metal  plate;  S,  the  extent  of 
oooling  surface,  as  before  ;  let  heat  be  commimicated  to  the  liquid 
at  the  temperature  t  by  some  such  process  as  the  condensation  of 
steam,  and  let  that  be  abstracted  by  the  flow  of  a  current  of  air. 
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water,  or  other  fluid,  in  contact  with  the  metal  pUite ;  the  weight 
of  fluid  which  flows  past  per  second  being  W,  its  specific  heat  </, 
its  initial  temperature  T^,  being  lower  than  t,  and  its  final  tempera- 
ture Tg,  still  lower  than  t,  but  higher  than  T^.  Then  in  all  the 
equations  t  —  T^  is  to  be  substituted  for  T|^  —  t,  and  t  —  T^  for 

An  obstacle  to  the  use  of  the  formulsB  as  thus  modified  is,  that 
the  constants  A  and  B  have  not  yet  been  ascertained  for  the 
^'sur&ce  condensation*'  of  steam.  It  is  only  known  that  the 
convecUon  of  heat  by  a  vapour  in  the  act  of  condensing  is  more 
rapid  than  by  substances  in  other  conditions;  and  that  in  certain 
particular  experiments  on  the  surface  condensation  of  steam,  certain 
results  have  been  obtained,  of  which  the  following  are  examples : — 


Ito  initial  tem- 

Material of 

Cooling  fluid. 

perature  T. 

plates  or 

Fahr. 

tabea. 

Air, 

59** 

Cast  iron. 

ff 

>9 

Sheet  iron, 

>9 

99 

Glass, 

M 

99 

Copper, 

n 

W 

Tin  plate, 

Water, 

68^  to  77^ 
? 

Copper, 

Steam  oon- 

denied  per 

square  foot 

per  hour. 

Lbs. 

0-36 

036 

o'35 

028 
0*21 

21-5 
100*0 


Anthorit^r. 

Pedet 

91 
99 
ft 
>9 
99 

Joule. 


In  these  experiments,  each  pound  of  steam  may  be  estimated  on 
an  average  as  corresponding  in  round  numbers  to  about  1,000 
British  thermal  units. 

The  rapidity  of  the  condensation  depends  mainly  on  that  of  the 
circulation  of  the  cooling  fluid  at  the  other  side  of  the  plate. 


267 


CHAPTER   n. 

OF  COMBUSTION  AND  FUEL. 

223.  Tvttil  Kcaf  •€  Cmabwitioa  •f  Blcmcais. — ^Every  chemical 
combination  is  accompanied  by  a  production  of  heat :  every  decom- 
|H>sition,  by  a  disappearance  of  heat,  equal  in  amount  to  that  which 
IS  produced  by  the  combination  of  the  elements  which  are  separated. 
When  a  complex  chemical  action  takes  place,  in  which  various 
combinations  and  decompositions  occur  simultaneously,  the  heat 
obtained  is  the  excess  of  the  heat  produced  by  the  combinations 
above  the  heat  which  disappears  in  consequence  of  the  decomposi- 
tions. Sometimes  also,  the  heat  produced  is  subject  to  a  farther 
deduction,  on  account  of  heat  which  disappears  in  melting  or 
evaporating  some  of  the  substances  which  combine,  either  before  or 
during  the  act  of  combination. 

Combustion  or  burning  is  a  rapid  chemical  combination.  The 
only  kind  of  combustion  which  is  used  to  produce  heat  for  driving 
heat  engines,  is  the  combination  of  fuel  of  different  kinds  with 
oxygen.  In  the  ordinary  sense  of  the  word  coTnhuatiJble,  it  means, 
capable  of  combining  rapidly  unth  oxygen  so  as  to  prodv/ie  heaJt 
rapidly.  By  an  elemeTUaflry  or  simple  8td>stance  is  meant  one  which 
has  never  been  decomposed. 

The  chief  elementary  combustible  constituents  of  ordinary  fuel 
are  carbon  and  hydrogen.  Sulphur  is  another  combustible  consti- 
tuent of  ordinaiy  fuel;  but  its  quantity  and  its  heat-producing 
power  are  so  smtdl,  that  its  presence  is  of  no  appreciable  value. 

Substances  combine  chemically  in  certain  proportions  only.  To 
each  of  the  substances  known  in  chemistry  a  certain  number  can  be 
assigned  called  its  " chemical  equivalents^  having  these  properties — 
I.  That  the  proportions  by  weight  in  which  substances  combine 
chemically  can  all  be  expressed  by  their  chemical  equivalents,  or 
by  simple  multiples  of  their  chemical  equivalents.  II.  That  the 
chemical  equivalent  of  a  compound  is  the  sum  of  the  chemical 
eouivalents  of  its  constituents. 

Chemical  equivalents  are  sometimes  called  atomic  weights,  or 
atoms,  in  accoixlance  with  the  hypothesis  that  they  are  proportional 
to  the  weights  of  the  supposed  atoms  of  bodies,  or  smallest  similar 
parts  into  which  bodies  are  assumed  to  be  divisible  by  known  force& 
The  term  atom  is  convenient  from  its  shortness,  and  can  be  used  to 
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mean  '^  chemical  equivalent/'  without  necessarily  affirming  or 
denying  the  hypothesis  from  which  it  is  derived,  and  which,  how 
probable  soever  it  may  be,  is,  like  other  molecular  hypotheses, 
incapable  of  absolute  proof. 

The  chemical  equivalents  of  substances  in  the  perfectly  gaseous 
state  are  knowD  to  be  either  exactly  or  very  nearly  proportional  to 
their  densities  at  the  same  pressure  and  temperature,  or  simple 
multiples  or  submultiples  of  those  densitie&  In  other  wonis, 
perfect  gases  at  a  given  pressure  and  temperature  combine,  either 
exactly  or  very  nearly,  in  simple  numerical  proportions  by  volume. 
The  volume  of  the  compound  also,  if  perfectly  gaseous,  bears 
always,  either  exactly  or  very  nearly,  some  simple  numerical  ratio 
to  the  volumes  of  the  constituents,  at  the  same  pressure  and  tem- 
perature. 

These  principles  have  already  been  illustrated  in  the  case  of  the 
composition  of  steam,  in  Article  202. 

The  following  are  the  chemical  equivalents,  according  to  the 
British  scale,  of  the  principal  elementary  constituents  of  fuel,  and 
of  the  atmospheric  air  from  which  the  oxygen  required  for  com- 
bustion is  derived,  together  with  the  symbols  used  in  chemical 
writings  to  denote  them,  and  their  chemical  equivalents  by  volume 
in  the  perfectly  gaseous  state  : — 

Chemical  Chemical 

Name.  SymboL  equivalent  bj  equivalent  by 

weight  volume^ 

Oxygen, O  8  i 

Nitrogen, N  14  i  . 

Hydrogen, H  i  i 

Carbon, C  6  1 

Sulphui-, S  16  1 

These  numbers  are  given  neglecting  fractions  too  small  to  be  of 
consequence  for  the  purposes  of  the  present  treatise. 

The  composition  of  a  compound  substance  is  indicated  in  chemi- 
cal writings,  by  affixing  to  the  symbol  of  each  element  the  num- 
ber of  its  equivalents  which  enter  into  one  equivalent  of  the 
compound. 

The  following  table  shows  the  composition  of  those  compounds 
of  the  above  elements  which  are  of  importance  to  the  purposes  of 
the  present  treatise,  either  as  furnishing  oxygen  for  combustion,  as 
entering  into  the  composition  of  ordinary  fuel^  or  as  being  produced 
by  the  combustion  of  ordinary  fuel : — 
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Symbol  of      Proportions     Chemical    Proportions    Chemical 
Name.  chemical       of  elements     equivalent    of  elements   equivalent 

oompopition.    by  weight     by  weight    bj  volume,  by  volume. 

Air, NgO  N28+O8  36  ]Sr2  +  0i  2i 

Water, HO  Hi  +  08  9  Hi  +  0|  i 

Ammonia, N  H3  H3  +  N14  17 

Carbonic  oxide,  CO        C6  +  08  14  C?  +  OJ  i 

Carbonic  acid,...  CO.        C6  +  O16  22  C?  +  Oi  i 

defiant  gafi, C^Hg  C12-I-H2  14  C?  +  H2  i 

MM^giw,or)     ^„        C6  +  H2         8       Cl  +  Hi 
fire  damp,..  J  ' 

The  last  two  substances  are  the  chief  ingredients  of  coal  gas. 

[There  are  numerous  other  compounds  of  hydrogen  and  carbon, 
known  generally  as  "hydro-carbons,"  and  comprising,  amongst 
other  substances,  various  fusible  and  volatile  ingredien1»  of  coal ; 
but  it  is  unnecessary  to  give  their  chemical  composition  in  detail] 

Sulphurous  acid, SO^j        S16  +  O16         32 

Sulphui^tted  hydrogen,..     SIl         Sid-j-Hi  17         i 

Bisulphuret  of  carbon, ...     Sj  C         S  32  +  C  6  38         i 

The  French  scale  of  equivalents  differs  from  the  British,  princi- 
pally in  making  the  equivalents  of  oxygen  and  sulphur  by  weight 
double,  as  compared  with  the  equivalents  of  most  other  elements, 
and  in  taking  100  to  represent  the  equivalent  of  oxygen.  Thus 
the  symbol  for  water,  according  to  the  French  system,  is  H^  O ; 
and  its  equivalent  (6 -25  x  2)  +  100  =  112-5. 

The  following  table  shows  the  total  heat  of  combustion  with 
oxygen  of  one  pound  of  each  of  the  elementary  substances  named  in 
it,  in  British  thermal  units,  and  also  in  lbs.  of  water  evaporated 
from  212°.  It  also  shows  the  weight  of  oxygen  required  to  com- 
bine with  each  pound  of  the  combustible  element,  and  the  weight  of 
air  necessary  in  order  to  supply  that  oxygen.  The  quantities  of 
heat  are  given  on  the  authority  of  experiments  made  by  MM.  Favre 
and  Silbermann  with  the  mercurial  calorimeter  : — 

Lb.  oxygen  «,  .  ,  ^^^^     Evaporative 

Combustible.  per  lb.  of     Lb.  air.     «)  ...  .     ^.,,         power 

combustible.  British  umts.     f^  212^ 

Hydrogen  gas, 8  36  62,032  64*2 

Carbon,  imperfectly  burned  j 

so  as  to  make  carbonic  >  i^  6  4^400  4'5o 

oxide, ) 

Carbon,  completely  burned,  \ 

so  as  to  make  carbonic  >  af         12  14,500  15*0 

acid, j 
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It  is  to  be  observed,  that  the  imperfect  combustion  of  carbon, 
maldng  carbonic  oxide,  produces  less  than  one-third  of  the  heat 
which  is  yielded  by  the  complete  combustion. 

224.   T«lal  nc«t  •r  ComboMton   of  C^mponndb. — ^The   following 

is  a  similar  table,  on  the  same  authority,  for  the  more  important 
compound  ingredients  of  fuel : — 

Total  heftt       Ev«po™tlyc 
Combustible.  Lb.  oxygen.    Lb.  air.      „  .  .  .       .^.         power 

Bntishunitfl.     ^;„  212*. 

defiant  gas,  1  lb., 3f         15*  21,344  22*1 

Various  liquid  hydrocar- )  /  from  21,000    from  22 

bons,  1  lb., j  (    ^     19,000      to     20 

Carbonic  oxide,  as  much  | 
as  is  made  by  the  im- 
perfect combustion  of 
1  lb.  of  carbon,  viz., 
Silbs., 


li         6  10,100  10*45 


With  regard  to  the  quantities  stated  in  this  and  the  preceding 
Article  as  being  the  total  heat  of  combustion  respectively  of  carbon 
completely  burned,  carbon  imperfectly  burned,  and  carbonic  oxide, 
the  following  explanation  has  to  be  made : — 

The  burning  of  carbon  is  always  complete  at  first;  that  is  to  say, 
one  pound  of  carbon  combines  with  2|  lbs.  of  oxygen,  and  makes 
3|  lbs.  of  carbonic  acid;  and  although  the  carbon  is  solid  imme- 
diately before  the  combustion,  it  passes  during  the  combustion  into 
the  gaseous  state,  and  the  carbonic  acid  is  gaseou&  This  terminates 
the  process  when  the  layer  of  carbon  is  not  so  thick,  and  the  supply 
of  air  not  so  small,  but  that  oxygen  in  sufficient  quantity  can  get 
direct  access  to  all  the  solid  carbon.  The  quantity  of  heat  produced 
is  14,500  thermal  units  per  lb.  of  carbon,  as  already  stated. 

But  in  other  cases  part  of  the  solid  carbon  is  not  supplied  directly 
with  oxygen,  but  is  first  heated,  and  then  dissolved  into  the  gaseous 
state,  by  the  hot  carbonic  acid  gas  from  the  other  parts  of  the 
furnace.  The  3|  lbs.  of  carbonic  acid  gas  from  1  lb.  of  carbon,  are 
capable  of  dissolving  an  additional  lb.  of  carbon,  making  4|  lbs.  of 
carbonic  oxide  gas;  and  the  volume  of  this  gas  is  double  of  that  of 
the  carbonic  acid  gas  which  pi-oduces  it  In  this  case,  the  heat 
produced,  instead  of  being  that  due  to  the  complete  combustion  of 

1  lb.  of  carbon,  or i4>5oo 

falls  to  the  amount  due  to  the  imperfect  combustion  of  2 

lbs.  of  carbon,  or 2  x  4>400  =   8,800 

Showing  a  loss  of  heat  to  the  amount  of. 5}7oo 

which  disappears  in  volatilizing  the  second  pound  of  carbon.   Should 
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the  prooeas  stop  here,  as  it  does  in  furnaces  ill  supplied  witli  air, 
the  waste  of  fuel  is  veiy  great  But  when  the  4|  lbs.  of  carbonic 
oxide  gaSy  containing  2  lb&  of  carbon,  is  mixed  with  a  sufficient 
supply  of  fresh  air,  it  bums  with  a  blue  flame,  combining  with  an 
additional  2|  lbs.  of  oxygen,  making  7^  lbs.  of  carbonic  acid  gas, 
and  giving  additional  heat  of  double  the  amount  due  to  the  com- 
bustion of  1^  lb.  of  carbonic  oxide ;  that  is  to  say, 

I0,I0O  X   d  =  2O,20O 

to  which  being  added  the  heat  produced  by  the  imperfect 

combustion  of  2  lbs.  of  carbon,  or 8,8oo 

there  is  obtained  the  heat  due  to  the  complete  combustion 

of  21b&  of  carbon,  or 2  x  14,500  =  29,000 

If  the  total  heat  of  combustion  of  defiant  gas  be  compared  with 
that  of  its  constituents  taken  separately,  the  result  is  as  follows: — 

rib.  carbon;  14,500  x  7 =  iM3o 

=  lb.  hydrogen;  62,032  x  = =   8,862 


Total  heat  of  combustion  of  1  lb.  of  defiant  gas  as 
computed  by  adding  together  the  quantities  of 
heat  produced  by  the  combustion  of  its  consti- 
tuents separately,  

As  found  by  direct  experiment, 3i>344 


-  21,292 


The  difference, 52 

is  within  the  limits  of  errors  of  observation. 

Similar  comparisons,  for  other  hydrocarbons,  give  the  same 
result  From  these  fiicts  it  is  concluded,  that  ^  total  hecU  of 
condms^ion  of  any  eoTnpound  of  hydrogen  and  carbon  ia  the  sum  of 
the  quantiiiee  of  heat  which  the  hydrogen  and  carbon  contained  in  it 
would  produce  eepa/ratdy  by  their  combustion. 

In  computing  by  this  rule  the  total  heat  of  combustion  of  a  com- 
pound, it  IS  convenient  to  substitute  for  the  hydrogen  a  quantity  of 
carbon  which  would  give  the  same  quantity  of  heat;  and  this  is 
done  by  multiplying  the  weight  of  hydrogen  by 

^g>03a        .,0 
- — - —  =  4*2o. 

i4>5oo 
It  appears  from  experiments  by  Dulong,  by  M.  Despretz,  and 
others,  that  in  computing  the  total  heat  of  combustion  of  com- 
pounds containing  oxygen  as  well  as  hydrogen  and  carbon,  the 
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following  principle  is  to  be  observed : — When  hydrogmi  and  oosygen 
exist  in  a  eompownd  in  the  proper  proportion  to  form  waJter  (that  is, 
by  weight,  veiy  nearly,  one  part  of  hydi-ogen  to  eight  of  oxygen), 
thaee  conatUfusnte  have  no  effect  on  the  total  heat  of  eombustioTU 

It  follows,  that  if  hydrogen  exists  in  a  greater  proportion  than  is 
necessary  in  order  to  form  water  with  the  oxygen,  only  the  surplus 
of  hydrogen  above  that  which  is  required  by  the  oxygen  is  to  be 
taken  into  account. 

From  the  preceding  principles  is  deduced  the  following  general 
formula  for  the  total  heat  of  combustion  of  any  compound  of  which 
the  principal  constituents  are  carbon,  hydrogen,  and  oxygen: — 

Let  C,  H,  and  O,  be  the  fractions  of  one  pound  of  the  compound 
which  consists  respectively  of  carbon,  hydrogen,  and  oxygen;  the 
remainder  being  nitrogen,  ash,  and  other  impurities. 

Let  h  be  the  total  heat  of  combustion  of  one  pound  of  the  com- 
pound, in  British  thermal  units.     Then 

A  =  14,500  {  C  +  4-28  (h  -^)  } (1.) 

Let  E  denote  the  theoretical  evaporative  power  of  one  pound  of  the 
compound,  in  pounds  of  water  evaporated  from  and  at  212**.    Then 

It  has  already  been  stated,  that  the  values  adopted  in  this  treatise 
for  the  total  heat  of  combustion  of  carbon  and  of  hydrogen  are  taken 
from  the  experiments  of  MM.  Favre  and  Silbermann. 

In  the  case  of  hydrogen,  the  results  of  these  experiments  agree 
very  closely  with  those  of  the  experiments  of  Dulong  {Compiee 
liendus,  vol.  vii.),  the  total  heat  of  combustion  of  one  pound  of 
hydrogen  being, 


According  to  Favre  and  Silbermann, 62,032  British  unita 

ccording  to 
periments,, 


According  to  the  mean  of  Dulong*s  ex- )  ^        ^ 


In  the  case  of  carbon,  the  agreement  amongst  different  experi- 
menters is  less  close.  The  following  is  a  comparison  of  some  of 
the  results  given  by  them : — 

Dulong  (mean), 12,906 

Despretz, 14,040 

Favre  and  Silbermann, 14,500 

The  result  arrived  at  by  MM.  Favre  and  Silbermann  is  adopted 


FUEL.  273 

in  this  treatise,  because  it  was  obtained  hj  means  of  the  mercurial 
calorimeter — kn  instrument  from  which  great  accuracy  maj  be 
expected — and  because  amongst  a  number  of  different  results  as  to 
total  heat  of  combustion,  the  highest  is  on  the  whole  the  most 
likely  to  be  correct,  most  of  the  errors  being  caused  by  losses  of  heat. 

225.  Ktotffl  »ad  ingredicHto  ef  FhcL — The  ingredients  of  eyery 
kind  of  fuel  commonly  used  may  be  thus  classed : — 

(I.)  Fixed  or  free  carbon,  which  is  left  in  the  form  of  charcoal  or 
coke  after  the  volatile  ingredients  of  the  fuel  have  been  distilled 
away.  This  ingredient  bums  either  wholly  in  the  solid  state,  or 
part  in  the  solid  state  and  part  in  the  gaseous  state,  the  latter  part 
being  first  dissolved  by  previously  formed  carbonic  add,  as  already 
explained. 

(II.)  ffydrocarbone,  sucb  as  olefiant  gas,  pitch,  tar,  naphtha,  tfec., 
all  of  which  must  pass  into  the  gaseous  state  before  being  burned. 

If  mixed  on  their  first  issuing  from  amongst  the  burning  carbon 
with  a  large  quantity  of  air,  these  infiammable  gases  are  completely 
burned  with  a  transparent  blue  flame,  producing  carbonic  acid  and 
steam.  When  raised  to  a  red  heat,  or  thereabouts,  before  being 
mixed  with  a  sufficient  quantity  of  air  for  perfect  combustion,  they 
disengage  carbon  in  fine  powder,  and  pass  to  the  condition  partly 
of  marsh  gas,  and  partly  of  free  hydrogen ;  and  the  higher  the 
temperature,  the  greater  is  the  proportion  of  carbon  thus  disen- 
gaged. 

If  the  disengaged  carbon  is  cooled  below  the  temperature  of 
ignition  before  coming  in  contact  with  oxygen,  it  constitutes,  while 
floating  in  the  gas,  smoke,  and  when  deposited  on  solid  bodies,  soor. 

But  if  the  disengaged  carbon  is  maintained  at  the  temperature 
of  ignition,  and  supplied  with  oxygen  sufficient  for  its  combustion, 
it  bums  while  floating  in  the  inflammable  gas,  and  forms  red, 
YEtLOW,  or  WHrrE  flame.  The  flame  from  fuel  is  the  larger,  the 
more  slowly  its  combustion  is  effected 

(III.)  Oxygen  and  hydrogen  either  actually  forming  water,  or 
existing  in  combination  with  the  other  constituents  in  the  propor- 
tions which  form  water.  According  to  a  principle  already  stated, 
such  quantities  of  oxygen  and  hydrogen  are  to  be  left  out  of  account 
in  determining  the  heat  generated  by  the  combustion.  If  the 
quantity  of  water  actually  or  virtually  present  in  each  pound  of 
ftiel  is  so  great  as  to  make  its  latent  heat  of  evaporation  worth 
considering,  that  heat  is  to  be  deducted  from  the  to^  heat  of  com- 
bustion of  the  fuel. 

The  presence  of  water,  or  its  constituents,  in  fuel,  promotes  the 
formation  of  smoke,  or  of  the  carbonaceous  flame,  which  is  ignited 
smoke,  as  the  case  may  be,  probably  by  mechanically  sweeping 
along  fine  particles  of  carbon. 
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{TV.)  NUrogen,  either  free  or  in  combination  with  other  oonsti- 
tuents.     This  substance  is  simply  inert 

(Y.)  Sulphuret  of  iron,  which  exists  in  coal,  and  is  detiimentaly 
as  tending  to  cause  spontaneous  combustion. 

(VL)  Other  mineral  compounds  of  various  kinds,  which  are  also 
inert,  and  form  the  ash  left  after  complete  combiifitioi&  of  the  fuel, 
and  also  the  clinker,  or  glassy  material  produced  by  fusion  of  the 
ash,  which  tends  to  choke  the  grate. 

226.  Kinds  ef  Fad. — ^The  kinds  of  fuel  in  common  use  may  be 
thus  classed:— I.  Charcoal;  II.  Coke;  IIL  Coal;  IV.  Peat;  V. 
Wood 

I.  Cliarooal  is  made  by  eyaporating  the  volatile  constituents  of 
wood  and  peat,  either  by  a  partial  combustion  of  a  conical  heap  of 
the  material  to  be  charred,  covered  with  a  layer  of  earth,  or  by  the 
combustion  of  a  separate  portion  of  fuel  in  a  furnace^  in  which  aiB 
placed  retorts  containing  the  material  to  be  charred. 

According  to  Peclet^  100  parts  by  weight  of  wood  when  chaired 
in  a  heap,  yield  from  17  to  22  -paiis  by  weight  of  charcoal,  and 
when  chaired  in  a  retort,  from  28  to  30  jtarts. 

This  has  reference  to  the  ordinaty  condition  of  the  wood  used  in 
charcoal  making,  in  which  25  parts  in  100  consist  of  moisture.  Of 
the  remaining  75  parts,  the  carbon  amounts  to  one-half,  or  37^  per. 
cent,  of  the  gross  weight  of  the  wood.  Hence  it  appears  that  on 
an  average  nearly  half  of  tae  carbon  in  the  wood  is  lost  during  the 
partial  combustion  in  a  heap,  and  about  one  quarter  during  the 
distillation  in  a  retort 

To  char  100  parts  by  weight  of  wood  in  a  retort,  12^  parts  of 
wood  must  be  burned  in  the  furnace.  Hence  in  this  process,  the 
whole  expenditure  of  wood  to  produce  from  28  to  30  parts  of  char- 
coal, is  112^  parts;  so  that  if  the  weight  of  charcoal  obtained  is 
compared  with  the  whole  weight  of  wood  expended,  its  amount  is 
from  25  to  27  per  cent. ;  and  the  proportion  of  carbon  lost  is  on  an 
average  lU  -r  37 J  =  0*3  nearly. 

According  to  Peclet,  good  wood  charcoal  contains  about  007  of 
its  weight  of  ash.  The  proportion  of  ash  in  peat  charcoal  is  very 
variable,  and  is  estimated  on  an  average  at  about  0-18. 

II.  Coke  is  the  solid  material  left  after  evaporating  the  volatile 
ingredients  of  coal,  either  by  means  of  partial  combustion  in 
furnaces  caUed  coke  ovens,  or  by  distillation  in  the  retorts  of  gas- 
works. 

Coke  made  in  ovens  is  preferred  to  gas  coke  as  fuel  It  is  of  a 
dark  grey  colour,  with  sli^tly  metallic  lustre,  porous,  brittle,  and 
hard. 

The  proportion  of  coke  yielded  by  a  given  weight  of  coal  is  veiy 
different  for  different  kinds  of  coal,  ranging  from  0*9  to  035. 
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Coke  contains  from  0*06  to  0*18  of  its  weight  of  ash,  the  re- 
mainder being  carbon. 

Being  of  a  porous  texture,  it  readily  attracts  and  retains  water 
from  the  atmosphere ;  and  sometimes,  if  it  is  kept  without  proper 
shelter,  from  0*15  to  0-20  of  its  gross  weight  consists  of  moisture. 

III.  Coal, — The  exti'eme  differences  in  the  chemical  composition 
and  properties  of  different  kinds  of  ooal  are  very  great;  but  the 
number  of  those  kinds  is  veiy  great,  and  the  gradations  of  their 
differences  are  small 

The  proportion  of  free  carbon  in  coal  ranges  from  30  to  93  per 
cent.;  that  of  hydrocarbons  of  various  kinds  from  5  to  58  per 
cent. ;  that  of  water,  or  oxygen  and  hydrogen  in  the  proportions 
which  form  water,  f^m  an  inappreciably  small  quantity  to  27  per 
cent. ;  that  of  ash,  from  1^  to  26  per  cent. 

The  numerous  varieties  of  ooal  may  be  divided  into  principal 
classes  as  follows : — 

1.  Anthracite  or  bUnd  coal 

2.  Dry  bituminous  coal 

3.  Caking  coaL 

4.  Long  faming  or  cannel  ooaL 

5.  Lignite  or  brown  coaL 

(1.)  AnthraeUe  or  hlind  coal  consists  almost  entirely  of  free 
carbon.  It  has  a  colour  intermediate  between  jet  black  and  the 
greyish-black  of  plumbago,  and  a  lustre  approaching  to  metallic. 

Its  specific  gravity  is  from  1*4  to  1*6,  that  of  water  being  1. 

It  bums  without  smoke,  and,  when  dry,  without  flame  also ;  but 
the  presence  of  moisture  in  it  produces  small  yellowish  flames,  iu 
the  manner  explained  in  Article  225. 

It  requires  a  high  temperature,  and  in  general  a  blast  produced  by 
mechanism,  for  its  combustion.  If  suddenly  heated,  it  splits  into 
small  pieces,  which  are  liable  to  fall  through  the  grate  bars  of  the 
furnace  and  be  lost.  In  furnaces  where  it  is  used,  therefore,  each 
fresh  portion  should  be  gradually  heated  before  being  ignited. 

(2.)  Dry  hitummoua  coal  contains  on  an  average  from  70  to  80 
per  cent,  of  free  carbon,  about  5  per  cent,  of  hydrogen,  and  4  per 
cent,  of  oxygen;  so  that  4^  i)er  cent  of  hydrogen  is  available  to 
produce  heat.  This  hydrogen  exists  in  combination  with  part  of 
the  carbon.  Such  coal  bums  with  a  moderate  amoimt  of  flame, 
and  little  or  no  smoke.  Its  average  specific  gravity  is  about 
1-3. 

(3.)  Bituminous  caking  coal  contains  on  an  average  from  50  to  60 
per  cent,  of  free  carbon,  and  about  equal  weights  of  hydrogen  and 
oxygen,  amounting  to  from  10  to  12  per  cent,  of  its  weight.  It 
softens  when  exposed  to  heat,  and  pieces  of  it  adhere  together.  It 
produces  more  flame  than  dry  bituminous  coal|  and  also  produces 
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smoke,  unless  that  is  prevented  hj  special  means.  Its  average 
specific  gravity  is  about  1  '25, 

(4.)  Longjlaming  coal  differs  from  the  last  variety  chiefly  in  con* 
taining  more  oxygen.  In  some  examples  it  softens  and  cakes  in 
the  fire;  in  others  not.  It  requires  special  means  for  the  preven- 
tion of  smoke. 

(5.)  Brofjon  coaly  or  lignite^  is  found  in  more  recent  strata  than 
any  of  the  preceding  kinds.  It  is  intermediate  in  appearance  and 
pi*operties  between  them  and  peat.  It  contains  on  an  average  from 
27  to  50  per  cent,  of  free  carbon,  about  5  per  cent,  of  hydrogen, 
and  20  per  cent,  of  oxygen.    Its  specjific  gravity  is  from  1  *20  to  1  -25. 

With  respect  to  the  different  kinds  of  coal,  M.  Peclet  makes 
a  remark  to  the  effect,  that  the  caking  bituminous  coals  pass 
to  the  dry  coals  and  to  anthracite  by  diminution  of  their  oxygen 
and  hydrogen,  and  to  the  long  flaming  coals  and  lignites  by  the 
augmentation  of  their  oxygen. 

From  the  specific  gravities  already  stated,  it  appears  that  a  cubic 
foot  of  solid  coal  weighs  from  70  to  90  lbs. ;  but  coal  in  pieces, 
such  as  are  commonly  used  for  feeding  furnaces,  including  the 
spaces  between  the  pieces,  occupies  from  \rv  to  liV  times  the  space 
that  the  same  coal  fills  in  a  continuous  mass ;  so  that  the  average 
weight  of  coals,  including  the  space  between  the  pieces,  is  about  62 
lbs.  per  cubic  foot.  In  a  few  examples  it  is  as  high  as  56  or  60  lbs. 
to  the  cubic  foot. 

IV.  Peat,  or  turf,  as  usually  dried  in  the  air,  contains  from  25  to 
30  per  cent,  of  water,  which  must  be  allowed  for  in  estimating  its 
heat  of  combustion.  This  water  having  been  evaporated,  the 
analysis  of  M.  Regnault  gives,  in  100  parts  of  perfectly  dry  peat  of 
the  best  quality — 

Carbon, 58 

Hydrogen, 6 

Oxygen, 31 

Ash, 5 


100 


In  some  other  examples  of  peat,  the  quantity  of  ash  is  greater, 
amounting  to  7  and  sometimes  to  1 1  per  cent. 

The  specific  gravity  of  peat  in  its  ordinary  state  is  about  0*4  or 
0'5.    It  can  be  compressed  by  machinery  to  a  much  greater  density. 

V.  Wood,  when  newly  felled,  contains  a  proportion  of  moisture 
which  vaiies  very  much  in  different  kinds  and  in  different  speci- 
mens, ranging  between  30  and  50  per  cent,  and  being  on  an 
average  about  40  per  cent.  After  eight  or  twelve  months'  ordinary- 
drying  in  the  air,  the  proportion  of  moisture  is  from  20  to  25  per 
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cent.  This  degree  of  dryness,  or  almost  perfect  dryness  if  required, 
can  be  produced  by  a  few  days*  drying  in  an  oven  supplied  with  air 
at  about  240'^  Fahrenheit.  When  coal  or  coke  is  used  as  the  fuel 
for  that  oven,  1  lb.  of  fuel  suffices  to  expel  about  3  lbs.  of  moisture 
from  the  wood  This  is  the  residt  of  experiments  on  a  large  scale 
by  Mr.  J.  R.  Napier.  If  air-dried  wood  were  used  as  fuel  for  the 
oven,  from  2  to  2}  lbs.  of  wood  would  probably  be  required  to 
produce  the  same  effect. 

The  specific  gravity  of  different  kinds  of  wood  ranges  from  0*3 
to  1-2. 

Ferfectli/  dry  wood  contains  about  50  per  cent,  of  carbon,  the 
remainder  consisting  almost  entirely  of  oxygen  and  hydrogen  in  the 
proportions  which  form  water.  The  coniferous  family  contain  a 
small  quantity  of  turpentine,  which  is  a  hydrocarbon.  The  pro- 
portion of  ash  in  wood  is  from  1  to  5  per  cent.  The  total  heat  of 
combustion  of  all  kinds  of  wood,  when  dry,  is  almost  exactly  the 
same,  and  is  that  due  to  the  50  per  cent  of  carbon. 

227.  The  Tettii  Beat  •£  CernhHstien  of  fuel  is  computed  from  its 
chemical  composition,  according  to  the  principles  explained  in 
Articles  223,  224,  and  225.  The  following  table  gives  the  results 
of  such  computations,  founded  chiefly  on  the  analyses  of  M.  Beg- 
nault,  Dr.  Playfair,  and  Professor  Eichardson.  The  numerous 
kinds  of  fuel  of  which  analyses  have  appeared  have  been  classed  in 
groups,  and  the  average  chemical  composition  of  each  group  com- 
puted. By  this  process  have  been  obtained  the  proportions  of 
carbon,  hydrogen,  and  oxygen,  given  in  the  columns  headed  C,  H, 
and  O,  respectively. 

The  column  headed  CT  shows  the  weight  of  pure  carbon  whose 
total  heat  of  combustion  would  be  the  same  with  that  of  the  fuel, 
as  given  by  the  formula 


C  =  C  +  4-28 


(=-?)• 


E  =  15  C  is  the  theoretical  evaporative  power  in  pounds  of  water 
supplied  and  evaporated  at  212^  by  one  pound  of  fuel 

h  =  14500  CT  is  the  total  heat  of  combustion  in  pounds  of  water 
raised  one  degree  of  Fahrenheit. 

Each  kind  of  fuel  is  supposed  to  be  perfecUy  dry,  unless  other- 
wise specified : — 
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Table  op  the  Total  Heat  op  Combustion  op  Fuel. 


Fuel. 

C. 

H. 

0. 

e. 

EL 

k 

I.  Charcoal —  ) 
from  wood,  / 

0-93 

0*93 

14 

13500 

„    ftx)m  peat, 

0*80 

12 

1 1 600 

11.  Coke — good,... 

0-94 

0-94 

H 

13620 

„  middling, 

0-88 

0-88 

13-2 

12760 

>,  bad, 

0-82 

0*82 

12-3 

1X890 

III.  Coal— 

1.  Anthracite,... 

0-915 

0035 

0*026 

1-05 

^^'1^ 

15225 

2.  Dry   bitu- ) 
minouB,....  j 

0-90 

0*04 

0*02 

1*06 

159 

15370 

'^'        »               99 

0-87 

0*04 

0*03 

1*025 

15-4 

14860 

^"        99               99 

o-8o 

0054 

o*ot6 

I*02 

153 

14790 

^'        99     ^          » 

0*77 

005 

0*06 

0-95 

1425 

13775 

fi,    r!s^Vi"f'i,,..tfrT 

0*88 

0*052 
0-052 
0-056 

0-052 

0-054 

0*04 

008 

1075 

I*OT 

16*0 

15837 

14645 
15080 

I3I95 

7.            „         

o-8i 

151S 

8.  Cannel 

084 
0-77 

104 
0*91 

^^#         ^^ %»w AA A«ft ^^ ^ ■    mm    ■■VS    ■    ■■ 

9.  Dry    long ) 
flaming,.  •••  j 

0*15 

10.  Lignite, 

0-70 

0-05 

0*20 

o*8i 

I3TS 

"745 

IV.  Peat— dry,... 

058 

o*o6 

0*31 

o*66 

lO'O 

9660 

„  contain- 1 

ing  25  per  c.  > 

7-25 

7000 

moisture, ...  j 

V.  Wood — dry,... 

0-50 

0*50 

7-5 

7245 

„  contain-  \ 

ing  20  per  c.  > 

5-8 

5600 

moisture, ...  j 

j^ 

With  respect  to  the  examples  of  coal  given  in  this  table,  it  is  to 
be  observed  that  they  are  all  of  good  quality,  as  it  has  never  been 
the  practice  to  submit  bad  coals  to  chemists  for  analysia  It  may 
be  estimated,  that  the  total  heat  of  combustion  of  the  worst  coal  in 
a  given  coal  field  is  about  ttoo-tkirda  of  that  of  the  best,  the  differ- 
ence arising  chiefly  from  the  proportion  of  earthy  matter. 

228.  Radiatien  frmm  Faei.  —  The  proportion  which  the  heat 
radiated  from  incandescent  fuel  bears  to  the  total  heat  of  combus- 
tion has  been  determined  for  some  kinds  of  fuel  by  the  experiments 
of  M.  Peclet,  with  the  following  results : — 

From  wood,.,< 0*29 

From  char(X)al  and  peat, 0*5 
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From  coal  and  coke  M.  Peclet  considers  that  the  radiation  must 
be  greater  than  from  charcoal,  although  he  has  not  ascertained  it 
precisely. 

The  practical  conclusion  to  be  drawn  from  this  fact  is,  that  the 
radiation  from  the  friel  in  the  furnace  of  a  heat  engine  ought  to  be 
carefully  intei*cepted  in  eveiy  direction,  in  such  a  manner  that  the 
heat  diffused  by  it  may  be  communicated  eithei*  directly  or  indi- 
rectly to  the  substance  to  be  heated.  The  means  used  for  effecting 
this  are  various.  One  of  the  simplest  is  to  have  the  furnace  wholly 
contained  in  a  flue  or  fire  box  inside  the  boiler.  Another  is,  to 
surround  all  those  parts  of  the  furnace  whose  radiation  is  not 
directly  intercepted  by  the  boiler,  with  brickwork  so  thick  as  not 
to  admit  of  any  material  loss  of  heat  by  conduction.  The  resistance 
to  conduction  is  greatly  increased  by  having  two,  or  three,  successive 
layers  of  brickwork  with  air  spaces  between,  such  spaces  being 
completely  closed,  in  order  that  the  air  in  them  may  not  circulate. 
Two  such  layers  of  fire-brick,  the  inner  9  inches  thick,  the  outer  4^, 
with  an  air  space  3  inches  thick  between  them,  have  been  found 
to  answer  in  practice.  The  great  resistance  of  this  coating  to  the 
transmission  of  heat  causes  the  inner  surface  of  the  inner  layer, 
which  directly  receives  the  radiation  of  the  fire,  to  rise  to  a  white 
heat,  or  nearly  so,  and  almost  the  whole  of  the  heat  which  it 
receives  is,  because  of  that  high  temperature  and  the  rapid  circula- 
tion of  the  furnace  gases  over  it,  carried  off  by  those  gases,  and 
made  available  for  communication  to  the  boiler. 

The  heat  which  is  radiated  down  between  the  grate  bars  is 
intercepted  by  the  sides  and  floor  of  the  ash  pit,  and  carried  back 
to  the  furnace  by  the  air  which  enters  through  the  ash  pit. 

To  prevent  loss  by  radiation  and  conduction  through  the  furnace 
door,  the  simplest  plan  is  that  used  by  Mr.  Williams  and  others,  of 
making  it  of  two  layers  of  cast  iron  plates,  with  an  air  space 
between.  The  plates  are  usually  perforated  with  small  holes  for 
the  admission  of  air  to  bum  the  gaseous  ingredients  of  fuel,  and 
care  is  to  be  taken  to  place  no  two  of  those  holes  opposite  each 
other.  Thus  the  heat  which  is  radiated  through  the  holes  in  the 
inner  plate  ib  intercepted  by  the  outer  plate.  The  greater  part  of 
the  heat  thus  received  by  the  plates  is  carried  back  into  the  frimace 
by  the  entering  stream  of  air.  To  intercept  the  heat  and  give  it 
out  to  the  entering  air  more  completely,  a  series  of  sheets  of  wire 
gauze  have  sometimes  been  interposed  between  the  outer  and  inner 
surfaces  of  a  perforated  furnace  door. 

The  most  complete  apparatus  for  intercepting  the  heat  radiated 
to  the  furnace  door  is  that  of  Mr.  Prideaux,  which  consists  of  three 
gratings,  each  made  of  a  series  of  thin  iron  plates  set  edgeways,  with 
narrow  passages  between  them  for  the  entering  stream  of  air.    The 
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radiant  heat  is  completely  intercepted  by  placing  two  of  those  sets 
of  plates  with  opposite  obliquities^  and  the  third  parallel  to  the 
sides  of  the  furnace  mouth-piece. 

229.  Air  required  f«r  ComlbastieH  aad  I»llntl«a. — The  number  of 
pounds  of  air  required  in  order  to  supply  the  oxygen  necessary  for 
the  combustion  of  one  pound  of  any  sort  of  fuel  whose  chemical 
composition  is  knowui  may  be  computed  by  the  aid  of  the  data 
given  in  Article  223,  at  the  foot  of  p^e  269. 

To  express  that  weight  symbolically,  let  it  be  denoted  by  A; 
then,  C,  H,  and  O,  having  the  same  meanings  as  before^ 


A  =  12  C+  36  (h  -|) (1.) 


The  following  are  a  few  of  the  results : — 


Fuel. 

L  Charcoal — from  wood,... 

from  peat, 

11.  Coke — good, 

Ill  Coal — ^anthracite, 

„        dry  bituminous, 
„        caking, 

)>  »      

„        cannel, 

,y        dry  long  flaming, 

„        lignite, 

rV.  Peat— diy, 

V.  Wood — dry, 


c. 

H. 

0. 

A. 

o"93 

ii-i6 

o-8o 

9 '6 

0-94 

11-28 

0-915 

0-035 

0*026 

12-13 

0-87 

0-05 

0-04 

1 2 -06 

0-85 

005 

o'o6 

"73 

0*75 

005 

0-05 

10-58 

0-84 

o'o6 

o-o8 

11-88 

077 

0-05 

0-15 

10-32 

070 

0-05 

o-ao 

930 

0-58 

o-o6 

031 

7-68 

0-50 

6-00 

It  is  unnecessary  for  practical  purposes  to  compute  the  air 
required  for  the  combustion  of  fuel  to  a  great  degree  of  exactness; 
and  no  material  error  is  produced  if  the  air  required  for  the  com* 
bustion  of  every  kind  of  coed  and  coke  used  for  frurnaces  is  estimated 
at  twdve  pounds  per  patmd  qf/ud. 

Besides  the  air  required  to  furnish  the  oxygen  necessary  for  the 
complete  combustion  of  the  fuel,  it  is  also  necessary  to  furnish  an 
additional  quantity  of  air  for  the  dilvstion  of  the  gaseous  products 
of  combustion,  which  would  otherwise  prevent  the  free  access  of  air 
to  the  fuel. 

The  more  minute  the  division,  and  the  greater  the  velocity  with 
which  the  air  rushes  amongst  the  fuel,  the  smaller  is  the  additional 
quantity  of  air  required  for  dilution. 

From  the  various  experiments,  especially  those  made  for  the 
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American  goyemment  bj  Mr.  Johnson,  it  appears  that  in  ordinary 
boiler  furnaces,  vhere  the  draught  is  produced  by  means  of  a 
chimney,  the  weight  of  air  required  for  dilution  is  equal  to  that 
required  for  combustion ;  so  tlmt  if  A'  denotes  the  total  weight  of 
air  to  be  supplied  to  the  furnace  per  lb.  of  fuel, 

A'  =  2  A  =  24  lbs.  nearly (2.) 

But  in  furnaces  where  the  draught  is  produced  by  means  of  a 
blast  pipe,  like  those  of  locomotive  engines,  or  by  means  of  a  fan, 
the  quantity  of  air  required  for  dilution,  although  it  has  not  yet 
been  exactly  ascertained,  is  certainly  much  less  than  that  which  is 
required  in  furnaces  with  chimney  draughts;  and  there  is  reason 
to  believe  that  on  an  average  it  may  be  estimated  at  about  oTve-half 
of  the  air  required  for  combustion;  so  that  in  this  case, 

A'  =  I  A  =  18  lbs.  nearly (3.) 

This  estimate  is  roughly  made ;  but  it  is  the  nearest  approxima- 
tion at  present  attainable.  It  is  probable  that  the  supply  of  air 
required  for  dilution  varies  considerably  in  different  arrangements 
of  furnace,  and  for  different  kinds  of  fuel ;  and  it  is  possible,  that 
by  blowing  the  air  for  combustion  into  a  furnace  in  small  enough 
jets,  and  with  sufficient  force,  air  for  dilution  might  be  rendered 
unnecessary,  so  that  A'  would  be  =  A. 

An  insufficient  supply  of  air  causes  imperfect  combustion  of  the 
fuel,  which  in  bituminous  coal  is  indicated  by  the  production  of 
smoke,  and  in  coke  and  blind  coal  by  the  discharge  of  carbonic 
oxide  gas  from  the  chimney.  That  gas  is  transparent  and  in- 
visible; but  its  presence  maybe  detected  by  the  blue  or  purple 
flame  with  which  it  bums  when  ignited  in  contact  with  fresh  air. 

An  excessive  supply  of  air  causes  waste  of  heat  to  the  amount 
corresponding  to  the  weight  of  air  in  excess  of  that  which  is 
necessaiy,  and  to  the  elevation  of  the  temperature  at  which.it  is 
discharged  from  the  chimney  above  that  of  the  external  air. 

230.  DiMriibaiioH  of  Fnd  aad  Atar. — In  burning  charcoal,  coke^ 
and  coals  which  contain  a  small  proportion  only  of  hydrocarbons,  a 
supply  of  air  sufficient  for  complete  combustion  will  enter  &om 
the  ash  pit  through  the  bars  of  the  grate,  provided  there  is  a  suffi« 
cient  draught,  and  that  care  is  taken  to  distribute  the  fresh  ftiel 
evenly  over  the  fire,  and  in  moderate  quantities  at  a  time,  so  that 
the  thickness  of  the  layer  of  burning  fuel  shall  never  differ  much 
from,  ten  or  twelve  inches. 

To  insure  the  complete  combustion  of  highly  bituminous  coal, 
other  means  have  to  be  adopted.     That  invented  by  Watt  was  the 
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use  of  a  dead  plate;  that  Is,  a  horizontal  or  slightly  inclined  plate 
at  the  mouth  of  the  fumac-e,  without  perforations,  on  which  each 
fresh  charge  of  coal  is  laid,  until  the  hydrocarbons  are  vokitilised 
and  expelled  by  the  radiant  heat  of  the  fire.  The  layer  of  burning 
fuel  on  the  grate  being  thin  at  the  time  when  a  fresh  charge  is 
needed,  more  air  passes  through  it  from  the  ash  pit  than  is  neces- 
sary for  its  own  combustion,  and  the  surplus  serves  to  bum  the 
infliEimmable  gas  as  it  passes  above  the  grate.  When  the  coal  on 
the  dead  plate  has  been  reduced  to  coke,  it  is  pushed  inwards  and 
spread  over  the  fire.  The  success  of  this  process  depends  wholly 
on  the  care  and  skiU  of  the  fireman.  It  is  useful  not  only  to  pro- 
mote complete  combustion,  but  to  prevent  the  clogging  of  the  ban 
by  caking  coaL 

In  burning  anthracite,  a  dead  plate  is  useful  for  a  different 
purpose,  viz.,  to  heat  the  fuel  gradually;  because  sudden  heating 
makes  it  fly  into  small  pieces,  which  drop  through  the  bars  into 
the  ash  pit,  and  are  partly  wasted. 

In  the  double  furnace  with  alternate  firing,  introduced  by  Mr. 
Fairbaim,  the  gas  distilled  from  the  fresh  fuel  in  one  of  a  pair  of 
furnaces  is  burned  by  the  excess  of  air  which  passes  through  the 
red  coke  on  the  grate  of  the  other  furnace. 

Another  mode  of  insuring  the  complete  combustion  of  the 
volatile  parts  of  the  coal  is  one  of  which  various  forms  have 
been  invented  by  Mr.  C.  W.  Williams,  Mr.  Prideaux,  Mr.  Clark, 
and  others,  and  consists  in  admitting  air  above  the  fuel  to  bum  the 
gas,  and  below  it  to  bum  the  coke. 

Mr.  Williams  admits  air  at  a  constant  rate  through  perforations 
in  a  double  door  and  double  front.  In  the  latest  practictd  examples, 
the  total  area  of  these  perforations  is  A-  of  the  area  of  the  grate, 
when  25  lbs.  of  coal  are  burned  per  hour  on  the  square  foot  of 
grate ;  that  is,  when  the  area  of  the  grate  in  square  feet  is  rr  of 
the  number  of  lbs.  of  coal  burned  per  hour,  the  joint  area  of  the 
air  holes  is  ^  of  the  same  number. 

Mr.  Prideaux  uses  a  self-acting  apparatus  for  the  admission  of 
air,  like  a  Venetian  blind,  which  is  opened  when  fresh  coal  is 
supplied,  and  which  gradually  closes  as  the  gas  of  the  fresh  fuel 
becomes  exhausted.  The  object  of  this  is  to  supply  enough  of  air 
at  the  time  when  it  is  needed,  and  to  prevent  an  excessive  supply 
at  other  time&  Mr.  D.  K.  Clark,  by  steam  jets,  blows  in  jets  of 
air  through  holes  immediately  above  the  fuel 

According  to  a  method  which  seems  to  have  been  first  used  in 
America,  a  i&n  blower  blows  air  through  two  sets  of  nozzles,  one 
opening  into  the  ash  pit,  which  is  closed  in  front,  and  the  other 
into  the  furnace,  immediately  above  the  fuel. 

Mr.  Crorman  opens  and  closes  the  front  of  the  ash  pit,  and  the 
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air  holes  in  the  front  of  the  furnaces,  alternately,  so  that  the  com- 
bustion of  the  gas  from  the  fresh  fuel,  and  of  the  coke  left  after  its 
expulsion,  take  place  altematelj. 

Dr.  Marsh  supplies  the  whole  of  the  air  for  burning  the  coke  as 
veil  as  the  gas/bj  jets  directed  downwards  on  the  fuel  from  above. 

Incomplete  combustion  of  fuel  is  often  caused  hj  the  chilling 
and  extinguishing  of  flame  through  contact  with  the  surface  of  the 
boiler,  before  the  combustion  is  completed.  This  is  in  some 
furnaces  prevented  by  completing  the  combustion  in  fire-brick 
chambers  or  passages.  For  example,  in  the  furnaces  introduced 
by  Messrs.  Charles  Tennant  &  Company,  the  combustion  is  com- 
pleted in  an  arched  brick  oven  or  reverberatoiy  furnace,  before  the 
hot  gas  comes  in  contact  with  any  part  of  the  boiler.  The  sides 
and  roof  of  that  oven  consist  of  two  layers  of  fire-brick  with  a 
closed  air  space  between,  as  already  described  in  Article  228. 

In  many  furnaces  the  principles  of  the  various  contrivances 
beforementioned  are  combined;  thus  double  furnaces  are  used 
with  air  holes  in  the  front,  and  with  fire-brick  combustion  cham- 
ber&  The  coal  burning  locomotive  furnaces  of  various  inventors 
are  of  this  class.  Yarious  furnaces  have  been  used,  such  as 
Juckes's,  in  which  the  fuel  is  supplied  at  an  uniform  rate  by 
mechanism. 

In  the  apparatus  known  by  the  name  of  the  "  Systlme  Beau- 
fum6,**  a  partial  combustion  of  the  fuel  is  effected  in  a  furnace 
surrounded  by  a  water  chamber,  and  supplied  by  a  fan  with  just 
enough  of  air  to  form  carbamc  oxide  with  the  whole  of  the  free 
carbon,  and  volatilize  the  whole  of  the  hydrocarbons,  so  that  the 
whole  of  the  fuel  is  gasefied  except  the  ai^.  The  mixture  of  car- 
bonic oxide  and  hydrocarbon  gases  thus  produced  is  conducted  by 
a  pipe  to  a  combustion  chamber,  where,  by  the  introduction  of  jets 
of  air  of  sufficient  volume,  it  is  completely  burned. 

If  smoke  is  mixed  with  carbonic  acid  gas  at  a  red  heat,  the  solid 
carbonaceous  particles  are  dissolved  in  the  gas,  and  carbonic  oxide 
is  produced.  This  is  the  mode  of  operation  of  contrivances  for 
destroying  smoke  by  keeping  it  at  a  high  temperature,  without 
providing  a  sufficient  supply  of  air;  and  the  result  is  a  waste, 
instead  of  a  saving  of  fuel. 

The  details  of  the  construction  of  various  furnaces  will  be  further 
considered  in  a  subsequent  chapter. 

231.  TemperaiHre  ef  Fire— By  the  temperature  of  the  fire  is  here 
understood  the  temperature  of  the  products  of  combustion,  and  the 
air  with  which  they  are  mixed,  ai  the  instant  that  the  combustion 
is  complete.  The  elevation  of  that  temperature  above  the  tempera- 
ture at  which  the  air  and  fuel  are  supplied  to  the  furnace  may  be 
computed,  by  dividing  the  total  heat  of  combustion  of  one  lb.  of 
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fuel  by  the  weight  and  by  the  specific  heat  of  the  whole  products 
of  its  combustioii,  and  of  the  air  employed  for  their  dilution,  under 
constant  pressure. 

The  specific  heat,  under  constant  pressure, 

Of  carbonic  acid  gas  is 0*217 

Of  steam, 0-475 

Of  nitrogen  (probably), 0*^45 

Of  air, 0*238 

Of  ashes,  probably  about 0*200 

By  using  these  data,  the  following  results  are  obtained  for  the 
two  extreme  cases  of  pure  carbon  and  olefiarU  gas,  burned  respec- 
tively in  air  :* — 

Fuel Cabbobt.  OlbfiantGas. 

Total  heat  of  combustion  per  lb., 1 4,500  2 1,300 

Weight  of  products  of  combustion  in  )  „  t /;..<,  iKa 

air,  undUuted, /  ^^  ads.  10  43  lbs. 

Their  mean  specific  heat, 0*237  0*257 

Specific  heat  X  weight, 3*08  4*22 

Elevation  of  temperature  if  undiluted,  4580^  5050^ 

IfdUvJted  toiih  air  =  ^  air /or  combustion — 

Weight  per  lb.  of  fuel, 19  24*2 

Mean  specific  heat, 0*237         0*25 

Specific  heat  X 'w^eight, 4*51           6*06 

Elevation  of  temperature, 3215°         3515** 

IfdihUed  loilh  air  =  air  for  combustion — 

Weight  per  lb.  of  fuel, 25  31*86 

Mean  specific  heat, 0*238         0*248     * 

Specific  heat  X  ^^ight, 5*94           7*9 

IHevation  of  temperature, 2440"  2710® 

It  appears  from  these  calculations  that  the  mean  specific  heat  of 
the  products  of  combustion  of  furnaces  differs  very  little  from  that 
of  air  when  they  are  xmdiluted^  and  still  less  when  they  are  diluted 
with  air. 

232.  lUiM  •f  c*mib«ati«M. — ^The  weight  pf  fuel  which  can  be 
burned  in  a  given  time  in  a  given  furnace  depends  on  the  drav^ghty 
or  quantity  of  air,  which  is  made  to  pass  through  that  furnace  in  a 
given  time,  and  may  be  computed  by  dividing  the  weight  of  that 

*  These  calcalatioDS  are  made  according  to  the  same  principles  vlth  those  of 
Mr.  Prideanx  in  his  treatise  on  Economy  of  FStei,  Section  VI.;  bnt  there  are  some 
differences  in  the  data,  especially  as  t»  the  specific  heat  of  steam,  which  lead  to 
differences  (though  not  great  ones)  in  the  namerical  results. 
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air  by  the  proportion  which  that  weight  bears  to  the  weight  of  fiiel 
which  it  can  completely  bum^  according  to  the  principles  of  Article 
229. 

The  rate  of  combustion  of  coal  in  a  furnace  is  usually  stated  in 
pounds  per  hour,  hummed  on  each  square  foot  of  groJte.  The  foUow- 
iug  are  examples : — 

L  With  Chimney  Draught. 

Lbfi.  per 

square  foot 

per  hour, 

1.  The  slowest  rate  of  combustion  in  Cornish  boilers^  4 

2.  Ordinary  rate  in  these  boilers, 10 

3.  Ordinary  rates  in  factory  boilers, 12  to  16 

4.  Ordinary  rates  in  marine  boilers, 16  to  24 

5.  Quickest  rates  of  complete  combustion  of  dry  \ 

coal,  the  supply  of  air  coming  through  the  >     20  to  23 
grate  only, j 

6.  Quickest  rates  of  complete  combustion  of  cak-  \ 

ing  coal,  with  air  holes  above  the  fuel  to  the  >     24  to  27 
extent  of  Vt  area  of  grate, j 

IL  With  Draught  Produced  by  Blast  Pipe  or  Fan. 

7.  Locomotiyes, 40  to  120 

233.  iHraHght  •f  Famnccs.  —  The  draught  of  a  furnace,  or 
quantity  of  mixed  gas  which  it  discharges  in  a  given  time,  may  be 
estimated  either  by  weight  or  by  volume ;  or  it  may  be  expressed 
by  means  of  the  velocity  of  the  current  at  some  particular  point ; 
or  by  the  pressure  required  to  produce  that  current. 

When  either  the  whole  or  pai"t  of  the  oxygen  in  a  giveu  weight 
of  air,  at  a  given  temperature,  combines  with  carbon  so  as  to  form 
carbonic  acid,  the  volume  of  the  mixed  gas  produced  is  the  same 
with  the  original  volume  of  the  air;  and  the  density  is  increased 
simply  in  the  ratio  of  the  sum  of  the  weights  of  the  air  and  of  the 
carbon  to  the  weight  of  the  air. 

When  the  whole  or  part  of  the  oxygen  of  a  given  weight  of  air 
combines  with  hydrogen  so  as  to  form  steam,  the  volume  of  the 
mixed  gas  produced  is  greater  than  the  original  volume  of  the  air 
by  an  amount  equal  to  one-half  of  the  volume  of  the  hydrogen 
taken  np. 

But  the  hydrogen  in  ordinary  fuel  bears  so  small  a  proportion  to 
the  whole  weight,  that  in  calculations  for  practical  purposes,  the 
volume  at  any  given  temperature  of  the  gas  which  a  furnace  dis- 
charges may  be  treated  without  sensible  error  as  being  equal  to  the 
volume  at  the  same  temperature  of  the  air  with  which  it  is  supplied. 
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The  variations  of  density  produced  by  deyiations  of  the  pressare 
of  the  furnace  gas  from  the  mean  atmospheric  pressure  may  also 
be  neglected  in  practice;  so  that  its  vclvme  at  ZT  FahrmheU  may 
be  estimated  approximately  at  12|  cubic  feet  for  each  lb.  of  air 
supplied  to  the  funutce ;  or,  if  the  supply  of  air  be 

Volume  at  82**  per 
lb.  of  fuel. 

12  lbs.  per  lb.  of  fuel, 150  cubic  feet. 

18        „  „         225        „ 

24        „  „        300        >» 

The  volume  at  any  other  temperature  T  is 

T  +  46r-2              V 
Y  =  volume  at  32<>  x  ^^^91^2      =  ^'  '^ ^^'^ 

The  following  are  some  of  the  results : — 

Supply  of  air  la  lbs.  per  lb.  of  foot 
12  18  24 

Temperature.    Yolome  of  gaaes  per  lb.  of  fuel  in  cubic  feet. 

3275^  1 136  1704 

2500*  906  1359  181 2 

1832^  697  1046  1395 

1472^  588  882  1176 

III2*      479      718      957 

752^      3^9      553      738 
572''      314      471      628 

392°      259      389      519 

212**         205         307         409 

.  104"*       17a       358       344 
68^      161      241      322 

32°      150      225      300 

Let  V)  denote  the  weight  of  fuel  burned  in  a  given  furnace  per 
Becond; 

Vo,  the  volume  at  32°  of  the  air  supplied  per  lb.  of  fuel ; 

r^,  the  absolute  temperature  of  the  gas  discharged  by  the  chimney ; 

A,  the  sectional  area  of  the  chimney;  then  the  velocity  of  tite 
current  in  the  chimney  in  feet  per  second  is 

«=^; (2.) 

and  the  density  of  that  current^  in  lbs.  to  the  cubic  foot,  is  very 
nearly 


D  =  5  (««»r  +  ■); r..(3?  Ji^ 

that  ia  to  say,  from  0-084  to  0087  X  t^ ^  r  /=  JS.  /of«/ ^  -^) 

Let  I  denote  the  whole  length  of  the  chimney,  and  of  the  ^e*-'  ^ J 

leading  to  it,  in  feet; 

m,  its  ''  hydraulic  mean  depth,**  that  is,  its  area  divided  by  its 
perimeter  (see  Article  99^;  which,  for  a  square  or  round  flue  and 
chimney,  is  one  quarter  oi  the  diameter; 

f,  a  co-efficient  of  friction,  whose  value  for  currents  of  gas  moving 
over  sooty  surfaces  is  estimated  by  Peclet  at  0*012; 

G,  a  factor  of  resistance  for  the  passage  of  the  air  through  the 
grate  and  the  layer  of  fuel  above  it,  whose  value,  according  to  the 
experiments  of  Peclet  on  furnaces  burning  from  20  to  24  lbs.  of 
coal  per  square  foot  of  grate,  is  12. 

Then,  according  to  a  formula  of  Peclet,  confirmed  by  practical 
experience,  the  "  head  "  required  to  produce  the  draught  in  question 
is  given  by  the  equation 

*  =  i70+^+S^ (*•) 

which,  with  the  values  assigned  by  Peclet  to  the  constants,  becomes 


*=^(-+°-^0 (-) 


It  appears  that  in  using  this  formula,  a  conical  or  pyramidal 
chimney  may,  without  sensible  error,  be  treated  as  if  it  wei*e 
cylindrical  or  prismatic,  with  an  uniform  sectional  area  equal  to 
that  of  the  opening  at  the  top. 

The  same  formula  enables  the  velocity  u  to  be  computed  when 
the  head  h  is  given;  and  then,  by  means  of  the  equation 


«'=-vV> ^ ^^-^ 

the  weight  of  fuel  which  the  furnace  is  capable  of  completely  burn- 
ing per  hour  can  be  computed. 

The  head  h  is  expressed  in  feet  in  height  of  a  coiumn  of  the  hot  ga$ 
in  the  chimney.  It  may  be  converted  into  an  equivalent  pressure  in 
pounds  on  the  squofre  foot,  by  multiplying  as  follows  by  the  density 
of  that  gas  as  given  by  equation  3 : — 


p  =  AD  =  A^^(o-0807  +  :^; (6.) 
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and  this  again  may  be  converted  into  any  other  convenient  unit  of 
pressure,  by  multiplying  by  a  suitable  factor,  such  as  those  in 
Article  107,  page  110. 

A  n  unit  of  head  very  commonly  employed  is  an  inch  of  vxUer; 
siphon  i^ater  gauges,  graduated  into  inches  and  decimals,  being 
used  to  indicate  the  difference  of  pressure  within  and  without  a 

flue.     For  this  unit  the  multiplier  is         ■  =  0-192  j  that  is  to  say, 

J7ea^tninc/^o/wafer==0-192;>==0-192A^  (o  0807 +^.(7.) 

The  head  may  be  produced  in  three  ways — 
I.  By  the  draught  of  a  chimney. 
11.  By  a  blast  pipe. 

III.  By  a  fan  or  other  blowing  machine. 

I.  The  head  produced  by  the  di-aught  of  a  chimney  is  equivalent 
to  the  excess  of  the  weight  of  a  vertical  column  of  cool  air  outside 
the  chimney,  and  of  the  same  height,  above  that  of  a  vertical  column 
of  equal  base,  of  the  hot  gas  within  the  chimney;  and  when 
expressed  in  feet  of  hot  gas^  it  is  found  by  computing  the  weight  of 
a  column  of  the  cool  external  air  as  high  as  the  top  of  the  chimney 
is  above  tlie  grate  and  one  foot  square  in  the  bjise,  dividing  by  the 
weight  of  a  cubic  foot  of  the  hot  ga«  for  the  height  of  an  equi\>ulent 
column  of  hot  gas,  and  subtractlug  the  former  height  from  the 
latter. 

Thus,  let  H  denote  the  licifjht  of  the  chimney,  and  Tg  the  ahsoLvde 
temi>erature  of  the  external  aii-  (=  Tg  +  461° -2),  tben 

H-^  (0-0807)      • 

^'=T-r^ r\  -^=^  v'^^  7  -  v^ (^•) 

-M0-080»+;.'     )  \  Tg  / 


=  A -(0-96^1-1) * (9.) 


H 

ft 

Equation  9  serves  to  calculate  the  height  of  the  chimney  required 
in  order  to  produce  a  given  draught. 

For  a  given  external  tempei-ature,  there  is  a  certain  temperature 
within  the  chimney  which  produces  the  most  effective  draught; 
that  is,  the  maximum  vxiglU  of  hot  gas  discharged  per  second. 
That  temperature  is  found  as  follows : — 

The  velocity  of  the  gas  in  the  chimney  is  proportional  to  J  h; 
and  therefore  to  ^  (0*9G  t^  —  Tg).  ^ 


t  I 


t      •    '    •         'LYT 


^ . 
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The  density  of  that  gas  is  proportional  to  — • 

The  weight  discharged  per  second  is  proportional  to  velocity  X 
density,  and,  therefore,  to  — — ---^ ^ ;  which  expression  be- 
comes a  maximum  when 

2^ 
0-96 


^1 


-i=n:^=2iVr,; (10.) 


therefore,  the  heH  chimney-draTight  takes  place  when  the  abeclute 
temperabure  of  the  gas  in  the  chimney  is  to  that  of  tits  external  air  as 
25  to  12. 

When  this  condition  is  fulfilled,  we  have  evidently 

Ar=Hj (11.) 

that  is,  the  head  for  the  best  chimnetz-draiight,  expressed  in  hot 
gas,  is  equal  to  the  height  of  the  Mmney;  and  it  is  also  obvious, 
that  the  density  of  the  hot  gas  is  one-half  of  that  of  the  external  air. 

Suppose,  for  example,  that  the  temperature  of  the  external  air 
on  the  ordinaiy  scale  is ,,,., 50^  Fahr. 

then  its  absolute  temperature  is...,..' 511*2 

the  absolute  temperature  within  the  chimney,  to  give 
the  best  draught,  is 2rff  X  511*2  =  1065-0 

coiresponding  on  the  ordinary  scale  to 6038 

being  a  Uttle  below  the  temperature  of  melting  lead.  It  may  be 
laid  down  as  a  practical  rule,  that  to  insure  the  best  possible  dxaughJt 
through  a  given  chirwney,  the  temperature  of  the  hot  gas  in  the  chimney 
shoidd  be  nearly,  but  not  quite,  sufficient  to  mdt  lead. 

As  the  proper  allowance  of  air  for  a  chimney-draught  is  24.1b8. 
to  each  lb.  of  fuel,  the  volume,  at  that  temperature,  of  the  hot  gas 
discharged  by  the  chimney,  is  about  650  cubic  fee)^  per  lb.  of  fuel, 
or  26  cubic  feet  per  lb.  of  the  hot  gas  itself,  j^ 

When  the  temperature  in  a  chimney  is  found  to  be  above  this 
limit,  it  is  to  be  reduced,  not  by  admitting  cold  air  to  dilute  the 
hot  gas,  but  by  employing  the  surplus  heat  for  some  useful  purpose, 
such  as  heating  or  evaporating  water. 

So  long  as  the  draught  in  a  chimney  is  sufficient  to  bum  the 
requisite  quantity  of  fiiel  in  the  furnace,  the  temperature  in  the 
chimney  may  often  be  reduced  with  advantage  considerably  bdoeio 
that  corresponding  to  the  most  effective  draught,  provided  the  heat 
abstracted  from  the  hot  gas  is  usefuUy  employed;  but  it  is  never 
advantageoQS  to  raise  the  temperature  in  the  chimney  above  that 
limit. 

IL  The  head  produced  by  a  VUui  pipe  is  equivalent  to  that  part 

u 
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of  the  atmospheric  pressure  which  is  balanced  by  means  of  ihe 
impact  of  the  jet  of  steam  against  the  column  of  gas  in  the  chimney. 
Its  amount  and  effect  will  be  considered  in  a  subsequent  chapter. 

III.  The  work  which  a  fan  or  other  blowing  machine  must  per- 
form in  a  given  time  in  blowing  air  into  a  Aimace  so  as  to  produce 
a  given  head^  is  found  by  multiplying  the  pressure  equivalent  to 
that  head,  in  pounds  on  the  square  foot  {p,  equation  6),  into  the 
number  of  cubic  feet  of  air  blown  in,  taken  at  the  temperature  at 
which  it  quits  the  blowing  machine.  Let  r^  be  that  temperature 
on  the  absolute  scale  (being  equal  to,  or  higher  than  r^,  that  of  the 
external  air,  as  the  case  may  be);  then  the  net  or  uae/kU  work  of 
the  blowing  machine  per  second  is 

j,.!?L^  =  t«Vo-^A(008O7  +  ~-) (12.) 

The  gross  power  or  energy  required  to  drive  a  blowing  &n  is 
greater  than  the  useful  wo]%  in  a  proportion  which  varies  much 
in  different  machines,  and  is  very  uncertain.  In  some  recent 
experiments,  as  nearly  as  it  could  be  ascertained,  the  indicated 
power  exerted  by  two  steam  engines  driving  fans  through  long 
trains  of  shafting,  pulleys,  a^id  belts,  appeared  in  each  case  to  be 
about  double  of  Uie  useful  effect 

234.  ATallabIc   H«at    of  CombntloB— fiScleacy    ef  Fnmic«.— 

The  available  heat  of  combustion  of  one  pound  of  a  given  sort  of 
fuel,  is  that  part  of  the  total  heat  of  combustion  which  is  com- 
municated to  the  body  to  heat  which  the  fuel  is  burned;  for 
example,  to  the  water  in  a  steam  boiler;  and  the  efficiency  of  a 
given  furnace,  for  a  given  sort  of  fuel,  is  the  proportion  which  the 
available  heat  bears  to  the  total  heat,  when  the  given  sort  of  ftiel  is 
burned  in  the  given  fhmace. 

The  word  **  furnace  '*  is  here  to  be  understood  to  comprehend, 
not  merely  the  chamber  in  which  the  combustion  takes  place,  but 
the  whole  apparatus  fof  burning  the  fuel  and  transferring  heat  to 
the  body  to  be  heated,  including  ash  pit,  air  holes,  flame  chamber, 
flues,  tubes,  and  heating  surface  of  every  kind,  and  chimney. 

The  same  kind  of  furnace  may  be  more  efficient  for  one  sort  of 
fuel  than  for  another;  and  it  may  also  be  more  or  less  efficient  for 
the  same  sort  of  fuel,  accoixling  to  the  way  in  which  the  combustion 
is  managed. 

The  available  heat  falls  short  of  the  total  heat  from  several 
causes,  of  which  the  principal  are  the  following: — 

L  Wagte  of  Uinbumt  Fvd  in  the  Solid  State.^^TinB  generally 
arises  from  brittleness  of  the  fuel,  combined  with  want  of  care 
in  the  stoker,  by  which  causes  the  fuel  is  made  to  fall  into  small 
pieces,  which  escape  between  the  grate  bars  into  the  ash  pit. 


EFFICIBNCT  OP  FURNACE.  291 

r 

Many  of  the  most  valuable  kinds  of  coal,  such  as  the  dry  steam 
coals,  are  brittle.  The  waste  of  such  coals  in  the  solid  state  is  to 
be  prevented  by  the  following  means : — (1.)  They  are  to  be  thrown 
evenly  and  uniformly  over  tlxe  fire  with  the  shovel,  so  that  there 
shall  be  no  occasion  to  disturb  them  after  they  are  first  thrown  in. 
(2.)  The  fire  is  not  to  be  stinted  from  above;  and  the  grate  bars 
are  to  be  cleared  when  required,  by  a  hook  or  slice  from  below. 
(3.)  The  ashes  are  to  be  riddled  from  time  to  time,  and  the 
small  ooal  or  cinders  contained  amongst  them  thrown  upon  the 
fires. 

It  is  impossible  to  estimate  the  greatest  amount  of  this  kind  of 
waste  which  may  arise  from  careless  firing  }  but  tha  amount  which 
is  unavoidable  with  good  firing  has  in  some  cases  been  ascertained 
by  experiment^  and  found  to  range  from  nothing,  up  to  about  2^ 
per  cent 

IL  T/ie  Waste  of  Unbumt  Fvjd  tn  ihA  Oaaeoua  and  Smoky  States^ 
and  the  means  of  preventing  that  waste,  by  a  sufiicient  supply  and 
proper  distribution  of  air,  have  been  stated  in  the  preceding 
Articles. 

The  greatest  probable  amount  of  that  waste,  when  the  absence  of 
any  provision  for  introducing  air  to  bum  the  infiammable  gases  is 
combined  with  bad  firing,  may  be  estimated  by  taking  the  propor- 
tion in  which  the  total  heat  of  combustion  of  the  coke  or  fixed 
carbon  contained  in  one  pound  of  the  coal  is  less  than  the  total 
heat  of  combustion  of  all  the  constituents  of  one  pound  of  the 
coaL 

When  the  firing  is  conducted  with  care,  but  the  supply  of  air 
insufficient,  the  waste  may  be  estimated  by  treating  the  hydrogen 
as  inefiective ;  that  is,  by  taking  the  proportion  in  which  the  heat 
due  to  the  w?iole  of  the  carbon  in  the  coal  is  less  than  the  heat  due 
to  the  carbon  and  to  the  hydrogen  in  excess  of  that  required  to 
form  water  with  the  oxygen  in  the  coal.  This  method  of  calcula- 
tion proceeds  on  the  supposition,  that  the  whole  of  the  hydrocarbons 
are  decomposed  into  carbon  and  hydrogen  by  the  heat,  that  the 
carbon  is  completely  burnt,  and  that  the  hydrogen  escapes  unbumt. 
That  supposition  appears  to  represent  with  an  approach  to  accuracy 
the  state  of  things  in  good  ordinaiy  steam  boiler  furnaces  which 
have  no  special  provision  for  distributing  air  amongst  the  inflam- 
mable gases;  for  the  result  of  experience  with  such  furnaces  is,  that 
the  relative  values  of  coals  consumed  in  them  are  nearly  propor- 
tional to  the  quantitied  of  carbon  contained  in  those  coals. 

It  appears,  then,  that  there  are  tioo  degrees  of  waste  from  impei^ 
feet  combustion  of  the  gas  and  smoke  from  one  pound  of  bituminous 
coal,  which,  as  reduced  to  equivaUni  toeights  of  ca/rbon^  may  be 
expressed  as  follows: — 
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'■"  (h-?)^ 


I0'28 


{--^■' 


Waste  redaced 
to  earboD. 
(1.)  Insufficient  air,  but  good  firing,  the  sur- )  /_.     0\ 

plus  hydrogen  wasted, J      ^'^    \         8/ 

(2.)  Very  insufficient  air,  and  bad  firing;  all  \ 
the  hydrocarbons  wasted.  If  the  hydrogen 
and  carbon  in  these  are  combined  in  the 
same  proportion  as  in  marsh  gas  (Hj  C) ; 
then  for  every  lb.  of  hydrogen  wasted,  3 
lbs.  of  carbon  are  wasted  also;  giving  as 
the  total  waste  reduced  to  carbon, 

If  the  hydrogen  and  carbon  are  combined  in 
the  same  proportion  ajs  in  olefiant  gas 
(Hj  Cj),  then  for  every  lb.  of  hydrogen 
wasted,  6  lbs.  of  carbon  are  wasted  also; 
giving  as  the  total  waste  reduced  to  carbon, 

and  for  intermediate  proportions,  intermediate 
quantities  are  wasted. 

III.  Waste  hy  Eddenial  Radiaiion  cmd  Conductum, — The  waste 
by  direct  radiation  from  burning  coal  through  an  open  fire  door  may 
be  approximately  estimated  according  to  the  principles  of  Article 
228,  by  assuming,  in  the  first  place,  the  heat  directly  radiated  from 
the  fuel  to  be  one-half  of  the  total  heat  of  combustion ;  next,  con- 
ceiving the  surface  of  the  burning  mass  to  be  divided  into  several 
small  equal  parts,  from  each  of  which  an  equal  share  of  the  heat 
radiates;  then,  finding  what  fraction  of  the  surface  of  a  sphere  de- 
scribed about  one  of  those  parts  is  subtended  by  the  opening  through 
which  the  radiation  takes  place,  and  multiplying  the  share  of  heat 
radiated  from  the  part  of  the  fuel  In  question  by  that  fraction ; 
and,  lastly,  adding  together  the  products  so  found  for  the  several 
parts  of  the  burning  fuel  The  loss  by  conduction  through  the 
solid  boundaries  of  the  furnace  might  be  estimated  from  their  area, 
their  material,  their  thickness,  their  thermal  resistance,  and  the 
difference  of  the  temperatures  within  and  without  the  furnace,  by 
the  principles  of  Article  219. 

In  well  planned  and  well  constructed  furnaces,  however,  those 
losses  of  heat  should  be  practically  inappreciable;  and  the  general 
nature  of  the  means  of  making  them  so  has  been  stated  in  Article 
228. 

lY.  Waste  or  Loss  of  Heat  in  the  Hot  Gas  which  Escapes  by  ths 
Chimney. — Consideiing  that  the  temperature  of  the  fire,  in  a  fur^ 
nace  with  a  draught  produced  by  a  chimney,  and  supplied  with  24 
lbs.  of  air  per  lb.  of  fuel,  is  about  2400*'  Eidir.  above  the  tempenir 
ture  of  the  external  air,  and  that  the  temperature  of  the  hot  gas  in 
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the  chimney,  in  order  to  produce  the  best  possible  draught,  shotdd 
be  about  600^  above  the  temperature  of  the  external  air,  it  appears, 
that  under  no  circumstances  can  it  be  necessary  to  expend  more 
than  ont-fawrih  of  the  total  heat  of  combustion  for  the  purpose  of 
producing  a  draught  by  means  of  a  chimney.  By  making  the 
chimney  of  large  enough  dimensions  as  compared  with  the  grate,  a 
much  less  expenditure  of  heat  than  this  may  be  made  to  produce  a 
draught  sufficient  for  the  rate  of  combustion  in  the  furnace. 

When  the  draught  is  produced  by  means  of  a  blast  pipe,  or  of  a 
blowing  machine,  no  elevation  of  temperature  above  that  of  the 
external  air  is  neoBMary  in  the  chinmey;  therefore,  furnaces  in 
which  the  draught  is  so  produced  are  capable  of  greater  economy 
than  those  in  which  the  draught  is  produced  by  means  of  a  chimney. 

It  appears  further,  as  has  already  been  stated,  that  with  a  forced 
draught  there  is  less  air  required  for  dilution,  consequently  a  higher 
temperature  of  the  fire,  consequently  a  more  rapid  conduction  of 
heat  through  the  heating  surface,  consequently  a  better  economy  of 
heat  than  there  is  with  a  chimney-draught. 

The  proportion  of  the  whole  heat  which  is  lost  with  the  gas 
dischai^ed  by  the  chimney  depends  mainly  on  the  efficiency  oftlie 
hecUing  avrfaoe,  which  has  alr^y  been  considered  in  Article  221. 

Referring  te  equation  13,  in  case  2  of  that  Article,  let  E  denote 
the  theoretical  evaporative  power,  and  IS!  the  available  evaporative 
power,  of  one  lb.  of  a  given  sort  of  fuel,  in  a  boiler  furnace  in  which 
the  area  of  heating  8i:^ace  is  S.     Then 

Where  B  is  a  fractional  mtdtiplier,  to  allow  for  miscellaneous  losses 
of  heat,  whose  value  is  to  be  found  by  experiment 

Now  c**  W*  is  proportional  nearly  to  F*  VJ,  where  P  is  the 
number  of  lbs.  of  fuel  burnt  in  the  furnace  in  a  given  time,  and 
Vq)  &s  in  a  former  Article,  the  volume  at  32^  of  the  air  supplied 
per  lb.  of  fuel     Also,  H  oc  F  x  ft  constant. 

Hence  it  may  be  expected,  that  the  efficiency  of  a  furnace  will 
be  expressed  to  an  approximate  degree  of  accuracy,  by  the  follow- 
ing formula : — 

E     S  +  AF' ^"-^ 

in  which  A  is  a  constant,  which  is  to  be  found  empirically,  and  is 

*  This  formula,  and  most  of  the  examples  which  follow  it,  were  fint  published  in 
a  paper  read  to  the  Institution  of  Engineers  in  Scotland,  on  the  20th  of  April,  1859. 
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probably  proportional  approximately  to  the  sqtuire  of  the  quantitj 
of  air  supplied  per  lb.  of  fuel. 

It  is  customary  and  convenient  to  refer  yarious  dimensions  and 
quantities  relating  to  a  furnace  to  the  aqttare  foot  of  grate;  there- 
fore S  may  be  taken  to  represent  the  number  of  square  feet  of 
heating  surface,  and  F  the  number  of  lbs.  of  fuel  burnt  per  hour, 
per  sqiuirefoot  of  grate. 

The  following  are  the  ralnes  of  the  constants  B  and  A  which 
have  been  found  to  agree  best  with  experiment,  so  far  as  the 
practical  performance  of  boilers  has  hitherto  been  compared  with 
the  formula  :— 

Boiler  Class  I.  The  convection  taking  place  in  the 
best  manner  (see  Article  220),  either  by  introduc- 
ing the  water  at  the  coolest  part  of  the  boiler,  and 
making  it  travel  gradually  to  the  hottest  (as  in 
Lord  Dundonald's  boiler),  or  by  heating  the  feed- 
water  in  a  set  of  tubes  in  the  uptake;  the  draught  B  A 
produced  by  a  chimney, i      0*5 

Boiler  Class  11.  Ordinary  convection,  and  chimney 

draught, H      0-5 

Boiler  Class  III.  Best  convection,  and  forced  draught,     i      0*3 

Boiler  Class  lY.    Ordinary  convection,  and  forced 
draught, H     0-3 

« 

When  there  is  a  feed- water  heater,  its  surface  should  be  indvded 
in  computing  S ;  and  the  surface  of  tubes  surrounded  by  water  is 
to  be  measured  outside. 

The  formula  is  of  course  not  intended  to  supersede  experiments 
and  practical  trials,  nor  to  give  restdts  as  accurate  and  satisfactoiy 
as  such  experiments  and  trials,  but  to  furnish  a  convenient  means 
of  estimating  approximately  the  evaporative  power  of  fuel  in  pro- 
posed boilers,  and  the  comparative  efficiency  of  different  boilers. 

The  formula  is  framed  on  the  supposition  that  the  admission  of  air 
and  the  management  of  the  fire  are  such,  that  no  appreciable  loss 
occurs,  either  from  imperfect  combustion  or  fx'om  excess  of  air,  the 
construction  and  proportions  of  the  fiimace,  and  the  mode  of  using 
it,  being  the  best  possible  for  each  kind  of  coal. 

If  desired,  the  effect  of  imperfect  combustion  and  bad  firing  may 
be  estimated  in  the  manner  described  in  Division  III.  of  this 
Article,  and  that  of  an  excess  of  air  by  increasing  A  in  proportion 
to  the  square  of  the  quantity  of  air  supplied. 

The  following  are  examples  of  efficiency  calculated  by  means  of 
the  formula : — 
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E' 

T 

0 

For  dasa  of  boiler 

T 

I. 

II. 

III. 

IV. 

o*i 

o*i6* 

9 

0-15 

o-tff 

0-22 

0-2S 

033 

0-31 

o'4S 

043 

0-5 

050 

0*46 

0-62 

o'59 

07S 

o-6o 

0-55 

071 

068 

i-o 

o*66 

o'6i 

077 

073 

1-25 

0*71 

0-65 

08 1 

077 

1-5 

0-7S 

0*69 

083 

079 

2*0 

080 

073 

0-87 

0-83 

3*5 

0-83 

076 

089 

0-85 

30 

0-86 

079 

0*91 

086 

6-0 

0-92 

0-84 

095 

0*90 

9*0 

0-95 

0-87 

0-97 

0*92 

The  following 

are  particular  cases : 

— 

L  North  conntiy  coal — 

E: 

=  15-5;  Ss 

1075 

:48; 

F  =  25; 

boiler  with  feed- water  heater,  and  chimnej-draught;  or  Class  I. — 

ET  =s  15-5  X  08  =  12*4. 

This  agrees  closely  with  the  results  of  the  experiments  at  New- 
castle on  fresh  coal,  both  by  the  Newcastle  committee,  and  bj  the 
Admiralty  reporters. 

II.  Same  coal,  same  boiler  without  heater — 

S=^  =  S5;r  =  27. 

Boiler  Class  IL— 

E' =  15-5  X  0-66==  10-23. 

This  nearly  agrees  with  an  experiment  made  by  the  Admiralty 
reporters  at  Newcastle,  in  which  the  result  was  10*54. 

III.  Same  coal — 

S  =  25;  F  =  25;  no  heater. 

Boiler  Class  IL— 

F=15-5x  0-61  =9-5. 
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This  applies  to  several  ordinaiy  marine  boilers. 

IV.  Looomotiye  boiler,  Class  IV. — 

Coke,  EsrsajUl;  S  =  60;  F  =  56. 
ir  =  14-1  X  -74  =  10-43  from  212^; 
Eqtdvalent  eyaporation  from  62^  at  329^, 

The  above  proportions  of  S  and  F  are  computed  from  a  formula 
of  Mr.  D.  EL  Clark,  as  being  suitable  to  insure  an  evaporative 
power  of  9,  from  62^  at  329*^.     The  difference  is  only  lAr- 

V.  Locomotive  boiler,  Class  IV.  (mean  of  Mr.  D.  K.  Clark's 
experiments,  Nob.  38,  39,  40,  41,  42)-- 

E^sajUl;  Ss=:83;  ¥  =  651; 
IT  =  14-1  X  -77  =  10-86  from  212o ; 
Equivalent  evapoiution  from  62"^  at  329% 

T2-=^'^^ 

Mean  result  of  experiments, 8*72 


Difference, 0*33 

VL  Locomotive  boiler.  Class  IV.  (mean  of  Mr.  D.  K.  dark's 
experiments,  Noa  48,  49,  50,  51,  53)-. 

E=  say  14-1;  8  =  66-4;  F  =  56-2; 
E  =  14-1  X  -76  =  10-72  fix)m  212* ; 
Equivalent  evaporation  from  62"*  at  329'', 

Mean  result  of  experiments, 875 


Difference, 0-18 

VII  Locomotive  boiler.  Class  IV.  (Mr.  D.  K.  Clark's  experi- 
ment, No.  55;  mean  of  10  trips) — 

E  =  sayl4-1;  S  =  57;  F=:44; 
E'=  14-1  X  -77  =  10-86  fix)m  212% 
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Equivalent  evaporation  from  62'^  at  329% 

1*2 
Besult  of  experiments, 9*00 

Difference, 0-05 

VIIL  Locomotive  boiler,  Class  IV.  (Mr.  D.  K.  Clark's  experi- 
ment, No.  61,  mean  of  8  trips) — 

E  =  say  14-1;  S  =  60j  F  =  87; 
E'=  U'l  X  -66  =  9-3  from  212''; 
Equivalent  evaporation  from  62°  at  329% 

Result  of  experiment, 72 


Difference, 0*55 

The  only  principle  followed  in  selecting  experiments  from  Mr. 
Clark's  table  is  that  of  giving  the  preference  to  those  cases  in  which 
a  mean  can  be  obtained  £rom  the  results  of  a  lai^e  number  of 
experiments  under  similar  or  nearly  similar  circumstancea 

The  general  conclusion  to  be  drawn  from  the  preceding  compari- 
sons is,  that  the  formula  agrees  closely  with  the  results  of  experiment 
up  to  a  rate  of  consumption  of  about  60  lbs.  per  square  foot  of 
grate;  and  thai  above  that  rate  of  consumption,  although  there  is 
still  an  approximate  agreement,  the  results  of  experiment  &11 
somewhat  short  of  those  given  by  the  formula.  It  is  probable, 
however,  that  for  those  high  rates  of  consumption,  the  combustion 
is  not  so  complete  as  at  lower  rates,  and  that  some  heat  is  conse- 
quently wasted. 

Example  IX. — Boiler  Class  II. — 

E  =  about  15J;  S  =  60,  nearly;  F  =  6-4; 
E'  =  15ix  -87  =  13-48 
Hesult  of  experiment, 13*56 

Difference, 0-08 

The  above  is  the  result  of  an  experiment  of  the  Author's. 
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Example  X. — The  Earl  of  Dundonald's  boiler.  This  boiler  is 
considered  sjb  belonging  to  Class  I.,  because  of  the  feed-water  being 
introduced  at  the  part  where  the  gas  from  the  fiimace  is  coolest — 

E  =  about  16)  (for  hand-picked  Llangennech  coal); 

8  =  33.5;  F  =  1017; 

F  =  16x  0-87  =  13-92 

Mean  result  of  two  experiments  with  \ 
the  feed-water  at  50^1214  x  fiactor  V 14-20 
of  evaporation  1*17, j 

Difference, 028 
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CHAPTER  III 

PBIKCIPLBS    or  THlBXOI>TKAiaC& 

SEcnoN  1. — Of  the  T%oo  Laws  of  Thenncdyntmics. 


235.  ThM  ■i»diy— Ilea  Dcflaad.  —  It  ifl  a  matter  of  ordinary 
obaeryatioDy  that  heat,  by  expanding  bodies,  is  a  souioe  of  me- 
chanical energy;  and  conversely,  that  mechanical  energy,  being 
expended  either  in  compressing  bodies,  or  in  friction,  is  a  sonrce  of 
heat  Such  phenomena  have  already  been  incidentally  referred  to, 
in  Article  13,  under  the  head  of  Friction;  in  Article  195,  where 
the  relations  between  heat  and  mechanical  energy  are  mentioned ; 
in  Article  196,  under  the  head  of  the  Properties  of  the  Condition 
of  Heat,  numbered  lY.,  Y.,  and  YI. ;  and  in  Articles  211  to  216, 
under  the  head  of  Latent  Heat,  which  disappears  in  producing 
mechanical  changes,  and  can  be  reproduced  by  reversing  those 
changes. 

The  reduction  of  the  laws  according  to  which  such  phenomena 
take  place,  to  a  physical  theory,  or  connected  system  of  principles, 
constitutes  what  is  called  the  science  of  thermodtstamics. 

236.  VIM  lAw  of  ThenM«47a«Biica^  —  He<U  and  mechanical 
energy  are  nrntuaUy  convertible;  and  heat  requires  for  its  prodtietian, 
and  produces  by  its  disappearance,  mfchanical  energy  in  the  propor- 
tion of  772  foot-pounds  Jor  each  British  unit  of  heat:  the  said  unit 
being  the  amount  of  heat  required  to  raise  the  temperature  of  one 
pound  of  liquid  water  by  one  degree  of  Fahrenheit,  near  the 
temperature  of  the  maximum  density  of  water.  This  law  may  be 
considered  as  a  particular  case  of  the  application  of  two  more 
general  laws,  viz. : — 1.  All  forms  of  energy  are  convertible.  2.  The 
total  energy  of  any  substance  or  system  cannot  be  altered  by  the 
mutual  actions  of  its  parts. 

The  quantity  above  stated,  772  foot-pounds  for  each  British 
thermal  unit,  is  commonly  called  *'  Joules  equivalent,*^  and  denoted 
by  the  symbol  J,  in  honour  of  Mr.  Joule,  who  was  the  first  to 
determine  its  value  exactly.  His  first  approximate  detormination 
of  tlus  quantity  was  published  in  1843,  a  little  after  that  of  Mayer; 
his  best  set  of  experiments,  from  which  the  accepted  value  772  is 
deduced,  may  be  consulted  in  the  Philosophical  Transactions  for 
1850. 
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In  these  esqperiments,  the  heat  prodnced  hj  mutual  friction  of 
the  particles  of  a  liqtdd  was  compared  with  the  mechanical  energy 
expended  in  producing  that  friction.  The  advantage  of  this  kind 
of  experiment  is,  that  the  liquid,  uid  all  the  parts  of  the  apparatus, 
are  1^  exactly  in  the  same  condition  at  the  end  of  the  experiment 
as  they  were  at  the  beginning;  so  that  it  is  certain,  that  no  per- 
manent effect  whatsoever  has  been  produced  by  the  mechanical 
energy  expended,  except  a  certain  quantity  of  heat,  which  is 
accurately  measured;  and,  therefore,  Uiat  the  heat  so  produced  is 
the  exact  equivalent  of  the  mechanical  enei'gy  expended. 

In  all  other  cases  in  which  heat  is  produced  by  the  expenditure 
of  mechanical  energy,  or  mechanical  eneigy  by  the  expenditure  of 
heat,  some  other  change  is  produced  besides  that  which  is  princi- 
pally considered;  and  this  prevents  the  heat  and  the  mechanical 
enei^  from  being  exactly  equivalent 

The  following  are  the  values  of  Joule*s  equivalent  for  different 
thermometric  scales,  and  in  French  and  British  units : — 

J. 

One  British  thermal  unit,  or  degree  of )    ^t,^f   h.\hsL 
Fiahrenheit  in  a  lb.  of  water, j    * ' 

One  Centigrade  degree  in  a  lb.  of  water,  1 389*6      „ 
(or  very  nearly  1390). 

One  Flinch  thermal  unit,  or  Centi-1 
grade  degree  in  a  kilogramme  of  >  438*55  kilogramm^tres. 
water, • ••..  j 

The  production  of  heat  by  friction  is  distinguished  from  its  pro- 
duction by  other  mechanical  means,  such  as  the  compression  of 
gases,  in  being  irreversible;  that  is  to  say,  it  is  impossible  to  make 
heat  produce  mechanical  energy  by  any  such  means  as  reversing  the 
fnvcess  of  friction, 

237.  DTMwUcal  ezprcMtoK  mf  Qnattttoi  •€  KcM. — All  quantities 
of  heat,  such  as  the  specific  heal  of  any  substance,  or  the  hUent  heat 
corresponding  to  any  physical  effect,  or  any  other  of  the  quantities 
of  heat  treated  of  in  Chapters  I.  and  II.,  may  be  expressed  dyriamir 
caUy,  that  is,  in  units  of  work,  by  multiplying  their  values  in 
ordinary  units  of  heat  by  Joule's  eqidvalent.  Several  examples  of 
this  mode  of  expressing  quantities  of  heat,  which  is  by  far  the 
most  convenient  in  treating  of  thermodynamical  questions,  are 
given,  in  the  tables  at  the  end  of  this  volume.  The  following  are 
additional  examples : — 

Foot^lbe. 

Latent  heat  of  evaporation  of  1  lb.  of  water,  from  )      ^ .  -  0,  ^ 
and  at  212', /     ^'»S,8ia 

Total  heat  of  combustion  of  1  lb.  of  carbon, ..•..  11,194,000 
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238.  Qniplile  BeprMMiCatlM  of  tke  Flnt  I.aw. — In  fig.  91,  let 
abscissae,  measured  along,  or  parallel  to,  the  axis  O  X,  represent 
the  volumes  sucoessiyelj  assumed  by  a  given  ^ 
mass  of  an  elastic  substonce,  by  whose  alter- 
nate expansion  and  contraction  heat  is  made 
to  produce  mechanical  energy;  O  Y^  and 
O  Yb  being  the  least  and  greatest  volumes 
which  the  substance  is  made  to  assume,  and 
O  Y  any  intermediate  volume.  For  brevity's 
sake,  these  quantities  will  be  denoted  by  v., 
Vj,  and  V,  respectively.  Then  v^  -  v.  may  re- 
present the  space  traversed  by  th6  piston  of 
an  engine  during  a  single  stroke. 

Let  ordinates,   measured  parallel  to  the  ^*fr  ^^• 

axis  O  Y,  and  at  right  angles  to  O  X,  denote  the  expansive  pressures 
successively  exerted  by  tibe  substance  at  the  volumes  denoted  by 
the  abscisssB.  During  the  increase  of  volume  from  v^  to  v^  the 
pressure,  in  order  that  motive  power  may  be  produced,  must  be,  on 
the  whole,  greater  than  during  the  diminution  of  volume  from  v^  to 
«?«;  so  that,  for  instance,  the  ordinates  Y  P^  and  Y  Pj,  or  the 
symbols  p^  and  pp  may  represent  the  pressures  corresponding  to  a 
given  volume  v,  during  the  expansion  and  contraction  of  the  sub- 
stance respectively.  ' 

Then,  as  in  Article  43,  and  fig.  17,  the  area  of  the  curvilinear 
figure,  or  indicator-diagram,  A  P^  B  Pg  A,  will  represent  the  energy 
exerted  by  the  elastic  substance  on  the  piston  during  a  complete 
stroke,  or  cycle  of  changes  of  volume  of  the  elastic  substance.  Tlie 
algebraical  expression  for  that  area  is 


{Pi-p^dv; 

V 


and  this,  in  virtue  of  the  first  law  of  thermodynamics,  represents 
also,  in  units  of  work,  the  mechanical  equivalent  of  the  heat  which 
diea/ppeaa^e  during  a  complete  forward  and  back  stroke  of  the 
piston;  that  is  to  say,  if  h^  represents  the  quantity  of  heat,  in 
common  thermal  units,  received  by  the  elastic  substance  during  one 
part  of  the  process  (such,  for  example,  as  the  heat  communicated 
to  a  certain  weight  of  water  in  a  boiler  in  order  to  produce  steam), 
and  Aj  ^®  quantity  of  heat  rejected  by  the  same  substance  during 
another  part  of  the  process  (such,  for  example,  as  the  heat  abstracted 
from  the  same  quantity  of  water  in  the  condenser  of  a  condensing 
engine,  or  by  the  air,  in  a  non-condensing  engine);  and  if  H^  and 
Hg  are  the  same  quantities  of  heat  expressed  in  foot-pounds^  then, 
by  the  first  law^ 
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j{h^-h^=-E,--a^=j{P,-p^)dv (1.) 


239.  Tb«raial  WAmem, — A  line  drawn  on  a  diagram  of  energy, 
such  that  its  ordinates  represent  the  pressures  of  a  substance  cor- 
responding to  various  volumes,  while  the  absolute  temperature  is 
maintained  at  a  constant  value,  denoted,  for  example,  by  r,  may  be 
called  the  isothermal  line  ofr  for  the  given  substance  (see  fig.  92). 
Suppose,  for  instance,  that  the  co-ordinates  of  the  point  A^  v^  and 
p„,  represent  respectively  a  volume  and  a  pressure  of  a  given  sub- 
stance, at  which  the  absolute  temperature  is  r ;  and  the  co-ordinates 
of  the  point  B,  viz.,  v^  and  p^,  another  volume  and  pressure  at  which 
the  absolute  temperature  is  the  same ;  then  are  the  points  A  and  B 
situated  on  the  same  isothermal  line  T  T. 

On  the  other  hand,  let  the  sub- 
stance be  allowed  to  expand  from 
the  volume  and  pressure  v^,  Pa,  with- 
out receiving  or  emitting  heat ;  and 
when  it  reaches  a  certain  volume, 
v„  let  the  pressure  be  represented 
by  p^.,  which  is  less  than  the  pres- 
sure wo\dd  have  been  had  the  tem- 
perature been  maintained  constant, 
because,  by  expansion,  heat  is  made 
to  disappear.  Then  C  will  be  a 
point  on  a  certain  curve  N  N  pass- 
ing through  A,  which  may  be  <»Iled 
a  curve  of  no  tranemiseiony  or  adiabatic  curve. 

It  is  to  be  understood  that,  during  ihe  process  last  described, 
the  mechanical  energy  exerted  during  the  expansion,  aud  which  is 
represented  by  the  area  A  C  V<,  V^,  is  entii'ely  communicated  to  an 
external  body,  such  as  a  piston ;  for  if  any  part  of  it  were  expended 
in  agitating  the  particles  of  the  expanding  substance,  a  portion  of 
heat  would  be  reproduced  by  friction. 

If  0  00  be  a  curve  whose  ordinates  represent  the  pressures  corre- 
sponding to  various  volumes  when  the  substance  is  absolutely 
destitute  of  heat,  then  this  curve,  which  may  be  called  the  line 
of  abeolfUe  ooldy  is  at  once  an  isothermal  curve  and  an  adiabatic 
curve. 

So  &r  as  we  yet  know,  the  line  of  absolute  cold,  for  all  sub- 
stances for  which  it  has  been  ascertained,  is  an  asymptote  to  all 
the  other  isothermal  curves  and  curves  of  no  transmission,  which 
approach  it  and  each  other  indefinitely  as  the  volume  of  the 
substance  increases  without  limit;  and  it  coincides  sensibly  with 
the  straight  line  O  X ;  that  is  to  say,  a  substance  wholly  destitute 
of  heat  exerts  no  expansive  pressure. 


Fig.  92. 
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The  following  property  of  adiabatic  curves,  in  connection  with 
the  first  law  of  thermodynamics,  is  the  foundation  of  many  useful 
propositions.  (It  was  first  demonstrated  in  the  FhiUmophical 
Tranmctione  for  1854.) 

Thsorsm.  The  mechanical  equivaleTU  of  the  heat  abeorbed  or 
given  cut  hy  a  eubetance  in  passing  from  one  given  state  as  to  pres- 
sure and  volume  to  another  given  state,  through  a  series  of  states 
represented  bf  the  co-ordinates  of  a  given  curve  on  a  diagram  of 
energy,  is  npresented  by  the  area  induded  between  the  given  curve 
and  two  curves  >of  no  transmission  of  heat  drawn  from  its  extremities, 
and  indefinit^y  prolonged  i»  the  direction  representing  increase  of 
volume, 

(Demonstration)  (see  fig.  93).  Let  the  co-ordinates  of  any  two 
points,  A  and  B,  represent  respectively  the  volames  and  pressures 
of  the  substance  in  any 
two  conditions;  and  let 
a  curve  of  any  figure, 
A  C  B,  represent  by  the 
co-ordinates  of  its  points, 
an  arbitrary  succession 
of  volumes  and  pressures 
through  which  the  sub- 
stance is  made  to  pass, 
in  changing&om  the  con- 
dition A  to  the  condition 
"B.  From  the  points  A  and  B  respectively,  let  two  adiabatic 
curves  AM,  BN,  extend  indefinitely  towards  X;  then  the  area 
referred  to  in  the  enunciation  is  that  contained  between  the  given 
arbitrary  curve  A  C  B  and  the  two  indefinitely  prolonged  adiabatic 
curves ;  areas  above  the  curve  A  M  being  considered  as  represent- 
ing  heat  absorbed  by  the  substance^  and  those  below,  heat  given 
out. 

To  fix  the  ideas,  let  us  in  the  first  place  suppose  the  area 
M  A  0  B  N  to  be  situated  shove  A  M.  After  the  substance  has 
reached  the  state  B,  let  it  be  expanded  aocording  to  the  adiabatic 
curve  B  N,  until  its  volume  and  pressure  are  represented  by  the 
co-ordinat^  of  the  point  D*.  Next,  let  the  volume  Vj,  be  maintained 
constant,  while  heat  is  abstracted  until  the  pressure  falls  so  as  to  be 
represented  by  the  ordinate  of  the  point  D,  situated  on  the  curve  of 
no  transmission  A  M.  Finally,  let  the  substance  be  compressed, 
aocording  to  this  curve  of  no  transmission,  until  it  recovers  its 
primitive  condition  A.  Then  the  area  A  C  B  D'  D  A,  which  re- 
presents the  whole  energy  exerted  by  the  substance  on  a  piston 
during  one  cycle  of  operations,  represents  also  the  heat  whidi  dis- 
appears; that  is,  the  difference  between  the  heat  absorbed  by  the 
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substance  during  the  change  from  A  to  B,  and  the  heat  emitted 
during  the  change  from  D'  to  D ;  for  if  this  were  not  so,  the  cycle 
of  operations  would  alter  the  amount  of  energy  in  the  univeraey 
whidh.  is  impossible. 

The  further  the  ordinate  Yd  D  D'  is  removed  in  the  direction  of 
Xy  the  smaller  does  the  heat  emitted  during  the  change  from  D'  to 
D  become;  and  consequently,  the  more  nearly  does  the  area 
A  C  B  D'  D  A  approximate  to  the  equivalent  of  the  heat  absorbed 
during  the  change  from  A  to  B;  to  which,  therefore,  the  area  of 
the  indefinitely  prolonged  diagram  M  A  C  B  N  is  exactly  equal 
— Q.E.D. 

It  is  eaefy  to  see  how  a  similar  demonstration  could  have  been 
applied,  mtUcttia  mtUandts,  had  the  area  lain  below  the  curve  A  M. 
It  is  evident  also,  that  when  this  area  lies,  part  above  and  part 
below  the  line  A  M,  the  difference  between  those  two  parts  repre- 
sents the  difference  between  the  heat  absorbed  and  the  heat  emitted 
during  different  parts  of  the  operation. 

CoROLLABT. — The  diffhrence  bettveen  the  whole  heat  ahearbed,  and 
the  whole  expansive  energy  exerted^  during  the  operation  represented 
by  any  curve,  such  as  AG  3,  on  a  diagram  of  energy y  depends  on 
the  initial  and  final  conditions  of  the  substance  alone,  and  not  on  the 
intermediate  process, 

(Demonstration.)  In  &g,  93,  draw  the  ordinates  AV^,  BV^, 
parallel  to  O  Y.  Then  the  area  Y^  A  C  B  Yb  represents  the 
energy  exerted  in  a  piston  during  the  operation  A  0  B;  and  it  is 
eiddent  that  the  difference  between  this  area  and  the  indefinitely 
prolonged  area  M  A  C  B  N,  which  represents  the  heat  received  by 
the  substance,  depends  simply  on  the  positions  of  the  points  A  and 
B,  which  denote  the  initial  and  final  conditions  of  the  substance  as 
CO  volume  and  pressure,  and  not  on  the  form  of  the  curve  A  C  B, 
which  represents  the  intermediate  process. — Q.KD. 

To  express  this  result  symbolically,  it  is  to  be  considered,  that 
che  excess  of  the  heat  or  actual  energy  received  by  the  substance 
above  the  expansive  power  or  potential  energy  given  out  and 
exeited  on  an  exteruai  body,  such  as  a  piston,  in  passing  from  the 
condition  A  to  the  condition  B,  is  equal  to  the  whole  energy  stored 
up  in  the  substance  during  this  operation,  which  consists  of  two 
parts,  viz. — 

Actual  energy;  being  the  increase  of  the  actual  or  sensible  lieat 
of  the  substance  in  passing  from  the  condition  A  to  the  condition 
B,  which  may  be  represented  by  this  expression, 

Potential  energy;  being  the  power  which  is  stored  up  in  producing 
changes  of  molecular  arrangement  during  this  process;  and  which. 
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it  appears  from  the  theorem  just  proved,  must  be  represented,  like 
the.  actual  energy,  hj  the  difference  between  a  function  of  the 
volume  and  pressure  corresponding  to  A,  and  the  analogous  func- 
tion of  the  volume  and  pressure  corresponding  to  B;  that  is  to  saj^ 
by  an  expression  of  the  form 

aS  =  Sb-S (1.) 

Let  H^.B  =  areaMACBN 


represent  the  heat  recdlved  by  the  substance  during  the  operation 
A  C  B,  and 


/: 


thepower  or  potential  energy  exerted  on  a  piston. 

Then  the  theorem  of  this  Article  is  expressed  as  follows  :-— 

H^B- PjP^t?  =  QB-QA+SB-S^  =  AQ  +  Aa....(2.) 

being  a  form  of  the  general  equation  of  the  expansive  action  of 
heat,  in  which  the  potential  of  molecular  cLcHon,  S,  remains  to  be 
detennineA       ^ 

240.  T*iai  Actaal  Heat. — Let  a  substance,  by  the  expenditure 
of  energy  in  friction,  be  brought  from  a  condition  of  total  privation 
of  heat  to  any  particular  concUtion  as  to  heat.  Then,  if  from  the 
'ix)tal  energy  so  expended,  there  is  subtracted — first,  the  mechanical 
work  performed  by  the  action  of  the  substance  on  external  bodies, 
through  changes  of  its  volume  and  figure,  during  such  heating; 
secondly,  the  mechanical  work  due  to  mutual  actions  between  the 
particles  of  the  substance  itself  during  such  heating;  the  remainder 
wiU  represent  the  energy  which  is  employed  in  making  the  eubetance 
hot,  and  which  might  be  made  to  reappear  as  ordinary  mechanical 
energy,  if  it  were  possible  to  reduce  the  substance  to  a  state  of 
total  privation  of  heat.  This  remainder  is  the  quantity  called  the 
total  actual  heat  of  the  substance;  being  the  total  energy,  or 
capacity  for  performing  work,  which  the  substance  possesses  in 
virtue  of  being  hot.  It  is  not  directly  measurable ;  but  its  value 
may  be  computed  from  known  quantities,  by  means  to  be  after- 
wards  explained  When  a  homogeneous  substance  is  uniformly 
hot,  every  particle  of  it  is  equally  hot;  and  every  particle  is  hot  in 
virtue  of  a  condition  of  its  own,  and  independently  of  forces  exerted 
between  it  and  other  particles.  These  are  facts  known  by  experi* 
ence ;  and  they  lead  to  the  following  consequence : — that  when  the 
total  actual  heat  of  a  homogeneous  and  uniformly  hot  substance  is 

X 


f 
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considered  as  a  quantity  made  np  of  anj  number  of  equal  parts,  all* 
those  equal  parts  are  similarly  circumstanced;  and  hence  follows — 
241.  Tii«  SM^ndi  lAw  ot  Tii«ni««7MiBiic«.^^  the  total  actual 
heat  of  a  hamogeneotu  and  uni/amdy  Iwt  substance  be  conceived  to  be 
divided  into  any  number  of  equal  parte,  tJie  effects  of  those  parte  in 
causing  work  to  be  performed  are  equal. — This  law  may  be  con- 
sidered as  a  particular  case  of  a  general  law  applicable  to  every 
kind  of  actual  energy;  that  is,  capacity  for  performing  work,  con- 
stituted by  a  certain  condition  of  each  particle  of  a  substance,  how 
small  soever,  independently  of  the  presence  of  other  particles  ^uch 
as  the  enex*gy  of  motion).     The  symbolical  expression  of  the  second 
law  of  thermodynamics  is  as  follows : — Let  imity  of  weight  oi  a 
homogeneous  substance,  possessing  the  actual  heat  Q,  undergo  any 
indefinitely  small  change,  so  as  to  perform  the  inde^nitcly  small 
amount  of  work  d  U.     It  is  required  to  find  how  -much  of  this 
work  is  performed  by  the  disappearance  of  heat     Conceive  Q  to  be 
divided  into  an  indefinite  number  of  indefinitely  small  equal  parts, 
each  of  which  is  2  Q.     Each  of  those  parts  will  cause  to  be  per- 
formed the  quantity  of  work  represented  by 

consequently  the  quantity  of  work  performed  by  the  disappearance 
of  heat  will  be 

Q-^'^^' (1) 

which  quantity  is  known  when  Q,  and  the  law  of  variation  o£  dJJ 
with  Q,  are  known. 

242.  Ab««lnl«    Tewperf  f    Bpaciae   Bmi*  Bcal  •■<  AippttrMM. 

— Temperahire  is  a  function  depending  on  the  tendency  of  bodies  to 
communicate  the  condition  of  heat  to  each  other.  Two  bodies  are 
at  equal  temperaJtureSy  when  the  tendencies  of  each  to  make  the 
other  hotter  are  equal  All  substances  absolutely  devoid  of  heat 
are  at  the  same  temperature.  Let  this  be  called  the  ahsalvle  zero 
of  heat;  and  let  the  scale  of  temperature  be  so  graduated,  that  for 
a  given  homogeneous  substance,  each  degree  shsll  correspond  to  an 
equal  increment  of  actual  heat*    This  mode  of  graduation  neces- 

*  The  mode  of  grtdnation  tbore  described  leads  to  a  dytumicdl  scale  of  absolate 
temperatures.  In  Article  201,  a  scale  of  absolute  temperatures  is  described,  founded 
upon  tlie  elasticity  of  a  perfect  gas.  It  was  anticipated  some  yean  ago,  by  certain 
tbeoretical  and  hypothetical  investigations,  that  the  scale  of  the  perfect  gas  thermo- 
meter would  be  found  to  agiee  with  the  dynamical  absolute  thermometric  scale,  as  to 
the  length  of  its  degrees;  and  also  that  the  zeros  of  those  scales  would  be  found  to  be 
near  each  other,  if  not  coincident.  Throughout  many  of  the  papers  referred  to,  the 
formula  were  so  framed  as  to  ooatahi  unknown  tenns^  suited  to  provide  for  the  possi« 
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sarily  leads  to  the  same  scale  of  temperature  for  all  substances. 
For  if  two  substances  A  and  B  be  at  equal  temperatures  when  thej 
possess  respectivelj  two  certain  quantities  of  actual  heat  Q^  and  Qb, 
then  if  each  of  those  quantities  of  actual  heat  be  divided  into  the 
same  number  of  equal  parts  n,  the  tendency  of  the  substance  A  to 
communicate  heat  to  B,  arising  from  any  one  of  the  nth  parts  of 
Qa,  must,  from  the  property  of  actual  heat  already  mentioned,  be 
equal  to  the  tendency  of  B  to  communicate  heat  to  A,  arising  from 
any  one  of  the  nth  parts  of  Qb;  from  which  it  follows,  that  so  long 
as  the  quantities  of  actual  heat  possessed  by  the  two  substances  are 
in  the  ratio  Q^  :  Qb,  their  temperatures  are  equal,  independently 
of  the  absoltUe  amoimts  of  those  quantities.  The  amount  of  actuid 
heat,  expressed  in  units  of  work,  which  corresponds,  in  a  given 
substance,  to  one  degree  ofahedlvie  tempercUure,  is  the  real  dynamical 
specific  Jieat  of  that  substance,  and  is  a  constant  quantity  for  all 
temperatures.  The  total  quantity  of  mechanical  energy  required  to 
raise  the  temperature  of  unity  of  weight  of  a  substance  by  one 
degree,  generally  includes,  besides  the  real  specific  heat,  work 
peHbrmed  in  overcoming  molecular  forces  and  external  pressures. 
This  is  the  apparerU  dynamical  specific  heat;  and  may  be  constant 
or  variable.  Joule's  equivalent  is  the  apparent  dynamical  specific 
heat  of  liquid  water  at  and  near  its  maximum  density;  and  it  is 
probably  equal  sensibly  to  the  real  specific  heat  of  that  substance. 
The  real  specific  heat  of  each  substance  ia  constant  at  all  densities, 
so  long  as  the  substance  retains  the  same  condition,  solid,  liquid,  or 
gaseous ;  but  a  change  of  real  specific  heat,  sometimes  considerable, 
often  accompanies  the  change  between  any  two  of  those  conditiona 
From  the  mutual  proportionality  of  actual  heat  and  absolute  tem- 
perature, there  follows — 

243.  The  8ec«ndi  Iaw  of  Tbcraiedf Mimles,  expressed  with  refer- 
ence to  ABSOLUTE  TEMPEBATURK  If  the  obsolubs  tempcrolure  of  any 
uniformly  hot  substance  he  divided  into  any  number  of  equal  parts^ 
the  ^ects  of  those  parts  in  causing  vxyrk  to  be  performed  are  equal. 
This  law  is  expr^sed  algebraically  as  follows : — ^from  the  relation 
between  absolute  temperature  (r),  and  actual  heat  (Q),  it  follows 
that 

d        r\    d 

'd'r^^dCi 

consequently  the  expression  1,  for  the  work  performed  by  the  dis- 
appearance of  heat,  is  transformed  into 

bOitj  of  A  Mnaible  differeooe  between  those  term.  But  as,  according  to  the  latest 
and  beat  ezperimenta,  no  such  appreciable  difilBrenee  has  been  foond,  the  zero  and 
icale  of  the  perfect  gas  thermometer  may  be  treated  as  sensibly,  if  not  exactly,  coin* 
ddent  with  the  dynamical  absolute  zero  and  abeolute  thermometric  scale. 


a    4  • 
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d 


dXJ. 


.(1.) 


This  expression  is  applicable,  not  merely  to  homogeneous  sub- 
stances, but  to  heterogeneous  aggregates. 

When  the  expressions  1  of  Articles  241  and  243  are  negative, 
they  represent  heat  which  appears  in  consequence  of  the  ex- 
penditure of  mechanical  work  in  altering  the  condition  of  a 
substance. 

The  first  and  second  laws  virtually  comprise  the  whole  theory  of 
thermodynamics. 

244.   S«c*ndl  Ij«w,  RepvMMited  Chniplilciilly. — ^THEOREM.      In  Jig. 

94,  let  A,  A,  M,  B^  B^  N,  be  any  two  adiahatic  curves,  indeJmiUdy 
evtended  %n  Uue  direction  of'K.^  intersected  in  the  points  A^,  Bj,  Aj,  1£^ 
by  two  isotfiermal  curves,  Q^  A^  Bj  Q^,  Q^  A^  B«  Qo,  which  corre- 
spond to  two  ctbsoltUe  temperatures,  r^  and  r^,  differing  oy  tJte  quavUity 

Then  the  quadriUUeral  area,  A^  R  B.  Ag,  bears  to  the  whole 
indefinitely  prolonged  area  M  A«  B^  rt,  die  same  proportion  which 
the  difference  of  temperature  a  t  bears  to  the  whole  absolute  temperor 
ture  Tj  or 


area  A^  B^  Bg  Aj      a  t 
area  M  Aj  Bj  N  ""  t  ' 


(1) 


(Demonstration.)    Draw  the  ordinates  A^  V^,,  A, 
Bg  Vb2.     Suppose,  in  the  first  place,  that  a  r  is  an  ali 


ig.  94« 


quot  part  of 
T,  obtained  by  dividmg  the 
latter  quantity  by  an  in- 
teger n,  which  we  are  at 
liberty  to  increase  without 
limit. 

The  entire  indefinitely 
prolonged  area  M  A,  B^  JST 
represents  a  quantity  of 
heat  which  is  converted 
into  mechanical  energy 
during  the  expansion  of 
the  substance  £h>m  V^  to 


Vdi,  in  consequence  of  the  continued  presence  of  the  absolute  tem- 
perature Tj.  Mutatis  mutandis,  a  similar  statement  may  be  made 
respecting  the  area  M  A^  Bj  N.  (By  increasing  without  limit  the 
number  n,  and  diminishing  a  t,  we  may  make  the  expansion  from 
Va«  to  Vb»  as  nearly  as  we  please  an  identical  phen^^enon  with 
the  expansion  from  Vai  to  Vm.)  The  quadrilateral- A^  B,  B,  A| 
represents  the  diminution  of  conversion  of  heat  to  mechanical 
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energy,  which  results  from  the  abstraction  of  any  one  whatsoever 
of  the  n  equal  parts  a  r  into  which  the  absolute  temperature  is 
supposed  to  be  divided,  and  it  therefore  represents  the  effect, 
in  conversion  of  heat  to  mechanical  energy,  of  the  presence  of 
any  one  of  those  parts.  And  as  all  those  parts  a  r  are  similar 
and  similarly  circumstanced,  the  effect  of  the  presence  of  the 
whole  absolute  temperature  r^  in  causing  conversion  of  heat  to 
mechanical  energy,  will  be  simply  the  sum  of  the  effects  of  all 
its  parts,  and  will  bear  the  same  ratio  to  the  effect  of  one  of  those 
parts  which  the  whole  absolute  temperature  bears  to  the  part. 
Thus,  by  virtue  of  the  general  law  enunciated  below,  the  theorem 
is  proved  when  a  r  is  an  aliquot  part  of  t^  ;  but  a  r  is  either  an 
aliquot  part,  or  a  sum  of  aliquot  parts,  or  may  be  indefinitely 
approximated  to  by  a  series  of  aliquot  psurts;  so  that  the  theorem 
is  universally  true. — Q.  R  D. 

A  symbolical  expression  of  this  theorem  is  as  follows : — When 
the  absolute  temperature  r^,  at  any  given  volume,  is  varied  by  the 
indefinitely  small  quantity  )  r,  let  the  pressure  vary  by  the  indefi- 
nitely small  quantity  ~  ^  r;  then  the  area  of  the  quadrilateral 
A^  B^  Bj  A^  will.be  represented  by 


and  consequently,  that  of  the  whole  figure  M  Aj  Bj  N,  or  the 

LATEST  HEAT  OP  EZPAITSIOII  ftOm  V^, ,  to  V,,  „  at  Ty  by 


3h, 


x  =  H,  =  rj;|£c;.; (2.) 


a  result  substantially  identical  with  that  expressed  in  equation  1  of 
Article  243,  when p  dvia  put  for  d  U. 

The  demonstration  of  this  theorem  is  an  example  of  a  special 
application  of  the  following 

General  Law  of  the  Transformation  of  Energy. 

The  effect  of  the  presence  in  a  substance,  of  a  quarutity  of  actual 
^I'MirQy^  in  causing  transformation  of  energy,  is  the  sum  of  the  ^ects 
of  aU  its  panis; 

a  law  first  enunciated  in  a  paper  read  to  the  Philosophical  Society 
of  Glasgow  on  the  5th  of  January,  1853. 

245.   or  IfsaC  Potcntiiil*  iiHdi    Tberaittdnmiiiic   Fnnettons. — The 

second  law  of  thermodynamics  may  also  be  expressed  in  the  follow- 
ing form : — The  vxyrh  performed  by  the  disappeanrance  of  heat  during 
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any  ind^nitdy  small  variation  in  the  stale  of  a  eubstanee,  is  expressed 
by  the  product  of  the  absolute  temperature  into  the  variation  of  a  cer- 
tain function^  which  fuTietion  is  tfte  rate  of  variation  of  the  effective 
work  performed  with  temperaJlure;  that  is  to  say,  make 

dr 

then  the  work  peiformed  hj  the  disappearance  of  heat  is 

TrfP (1.) 

This  function  F  has  been  called  the  heat  potential  of  the  given 
substance  for  the  kind  of  work  under  consideration. 

Now  let  the  substance  both  perform  work  and  undeigo  a  yaria- 
tion  of  absolute  temperature  d  r,  and  let  fc  denote  its  real  dynamical 
specific  heat.  The  whole  heat  which  it  must  receive  from  an 
external  source  of  heat,  to  produce  those  two  effects  simultaneously, 

Jdh=zdn  =  kdr  +  rdF^rd  0; (2.) 

in  which 

0  =  It  •  hyp  log  T  + 15 (3.) 

0  is  called  the  thermodynamic  functioiv^  of  the  substance  for  the 
kind  of  work  in  question;  and  in  some  papers,  the  heat-factor. 
The  equation  (2)  is  the  general  equation  of  therxodykamigBi 
which  we  shall  proceed,  in  the  sequel,  to  apply,  by  determining  the 
thermodynamic  function  for  each  particular  case. 

In  determining  that  function,  it  is  to  be  observed,  that  the  func* 
tion  U,  representing  the  work  performed  by  the  kind  of  change 
under  contemplation,  is  first  to  be  investigated  as  if  the  temperature 
were  constant,  and  tiien  the  law  of  its  variation  with  absolute  tem- 
perature found. 

The  property  of  an  adiabatic  curve  is  expressed  hj  d  '"RssO; 
from  which  it  is  evident,  that  for  such  a  curve,  d0s=O;  that  is  to 
aaiy.for  a  given  adiabatic  curoCy  the  thermodynamic  function  has  a 
oonetant  value,  proper  to  that  curve. 

In  fig.  94,  Article  244,  the  indefinitely  extended  area  between 
the  isothermal  curve  Q^,  Q^,  and  the  two  adiabatic  curves  Aj  M, 
Bj  N,  is  the  product  of  the  absolute  temperature  proper  to  the 
isothei-mal  curve  into  the  difference  between  the  thermodynamic 
functions  proper  to  the  adiabatic  curves. 

Section  2. — Expansive  Action  of  Heal  in  Fluids, 
246.  Oencmi  Xaws  mm  Applied  !•  Vkildii.  —  In  representing 


EZPAKSIYS  ACTIOSr  OF  HEAT  IN  FLUIDS,  311 

graphically  the  general  laws  of  themiodjaamics,  the  illustratioDs 
Zhestdj  employed  in  Articles  238,  239.  and  244,  have  been  taken 
£rom  the  changes  of  pressure  and  volume  of  fluids  as  affected  by 
heat  It  is  to  be  borne  in  mind,  however,  that  the  general  laws 
are  applicable  to  the  relations  which  heat  bears  to  the  energy  of  all 
kinds  of  elastic  forces,  as  well  as  to  the  simple  expansive  pressure 
exerted  by  fluids.  In  the  expression  for  work  ^rformed  against 
some  external  resistance, 

d  f ,  instead  of  an  elementary  increase  of  the  volume  of  a  substance, 
solid  or  fluid,  may  represent  an  elementary  part  of  the  motion 
which  takes  place  amongst  its  particles,  as  it  returns  to  its  original 
figure  after  having  been  distorted,  and  j9,  the  force  with  which  it 
tends  to  recover  its  original  figure ;  in  which  case,  v  may  still  be 
represented  by  the  abscissa,  and  p  by  the  ordinate  of  a  diagram  of 
energy,  and  p  dv  hy  wa.  elementary  portion  of  the  area  of  that 
diagram. 

Inasmuch,  however,  as  all  known  heat  engines  perform  work  by 
means  of  the  changes  of  pressure  and  volume  of  fluids  alone,  it  is 
unnecessary  in  this  treatise  to  do  more  than  to  refer  in  general 
terms  to  the  special  application  of  the  laws  of  thermodynamics  to 
the  elasticity  of  solids. 

In  the  present  section  will  be  considered  the  more  important  of 
their  special  applications  to  the  elasticity  of  fluids. 

Let  V  denote  the  volume  in  cubic  feet  occupied  by  a  given  mass 
of  any  fluid,  whether  liquid  or  gaseous,  enclosed  in  a  vessel  of 
variable  capacity  (such  as  a  cylinder  with  a  piston);  pthe  pressure, 
or  effort  to  expand,  which  the  fluid  exerts  against  the  interior  of 
the  vessel,  in  pounds  per  square  foot ;  then,  as  in  Articles  6,  43,  <bc, 
will  pdv  denote  the  external  work  in  foot-pounds  performed  by 

the  fluid  during  an  indefinitely  soiall  expansion  d v,  and  j  pdv  the 

external  work  performed  during  any  finite  expansion,  the  relation 
between  p  and  v  being  fixed  by  the  circumstances  of  the  case.  To 
find  the  thermodynamic  Unction  for  the  expansion  of  a  fluid,  the 
pressure  p  is  to^be  expressed  in  the  form  of  a  function  of  the  volume 
V,  and  absolute  temperature  r,  and  the  general  value  of  the  integral 


TJ  =zj  pdv, 


found  on  the  supposition  that  r  is  constant ;  then  the  thermody- 
namic function  will  be 

0=zh  'hjp\ogT+  f  ~dv (1.) 
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The  second  term  of  this  expression  is  represented  graphical^,  a» 
in  fig.  94,  by  the  limiting  ratio  of  the  area  of  the  band  A^  Bj  &  A^ 
to  the  difference  between  the  absolute  temperatures  corresponding 
to  the  upper  and  lower  edges  of  that  band. 

Applying  the  thermodynamic  function  to  the  determination^  in 
foot-pounds,  of  the  whole  quantity  of  heat  d  H,  which  muist  be 
communicated  to  one  pound  of  the  fluid  in  order  to  produce 
simultaneously  the  indefinitely  small  variation  of  temperature  d  t^ 
and  the  indefinitely  small  variation  of  volume  d  v,  we  find, 

aH  =  T  (-T-aT-i-- -  dv] 
\dr  dv      / 

=(»+'/:i5-")'''+-j?'"'; w 

wl\ich  is  the  general  equation  of  the  expansive  action  of  heat  in  a 
fluid 

If  this  expression  be  analyzed,  it  is  found  to  consist  of  the  fol- 
lowing parts  :— 

L  The  variation  of  the  actual  heat  of  unity  of  weight  of  the  fluid 

II.  The  heat  which  disappears  in  producing  work  by  mutual 
molecular  actions  depending  on  change  of  temperature  and  not  on 
change  of  volume, 

v  d^p 


I 


d-^ 


dv*  dt. 


The  lower  limit  of  this  integral  is  made  to  correspond  to  the 
state  of  indefinite  rarefaction;  that  is,  of  perfect  gas,  in  which 

those  actions  are  null.     Let  D  =  -  be  the  density,  or  weight  of 

unity  of  volume  of  the  fluid;  then  we  have,  as  a  more  convenient 
form  of  the  integral, 

r  p^dv^^[^dT^'dJ> (3.) 

J  ^  dr^  J  0  "p? 

III.  The  latent  heat  of  expansion, — that  i^  heat  which  dis- 
appears in  performing  work,  partly  by  the  forcible  enlargement  of 
the  vessel  containing  the  fluid,  partly  by  mutual  molecular  actions 

depending  on  expansion,  t  -j^  d  v* 

I 
The  heat,  expressed  in  units  of  work,  wliich  must  be  communi- 
cated to  unity  of  weight  of  a  fluid  to  produce  any  given  finite 
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clianges  of  temperature  and  volume,  is  found  by  integrating  the 
expression  2.  Kow  that  expression  is  not  the  exact  differential  of 
any  function  of  the  temperature  and  volume;  consequently  its 
integral  does  not  depend  solely  on  the  initial  and  final  condition  of 
the  fluid  as  to  temperature  and  volume,  but  also  upon  the  mode  of 
intermediate  variation  of  those  quantities.  The  graphic  represen- 
tation of  that  integral  is  the  indeflnitely  prolonged  area  M  A  C  B  N* 
in  fig.  93. 

247.  latrteiie  BacKgr  ^f «  Fi«M. — Another  mode  of  analyzing 
the  expression  2  of  Article  246  is  as  follows  : — 

I.  The  variation  of  actual  heat,  as  before,  it  c?  r. 

II.  The  external  work  performed,  pdv,  represented  by  an  ele- 
mentary vertical  band  of  the  area  Ya  A  0  B  Yb,  fig.  93. 

IIL  The  ifUemal  tvork  performed  in  overcoming  molecular  forces, 
viz.: — 

Now  this  last  quantity  is  the  exact  difierential  of  a  function  of  the 
temperature  and  volume^  viz. : — 


—    I         V^J^"    ~"  JPJ  Crt?  =—  8. ..•..•.....•••.. .(1.) 


A  given  value  of  S  expresses  the  work  required  te  overcome  mole- 
cular forces,  in  expanding  unity  of  weight  of  a  fluid  from  a  given 
state,  to  that  of  perfect  gas;  and  the  excess  of  the  actual  heat  of 
the  fluid  above  this  quantity,  or 

ftT-S, (lA.) 

is  the  ifUrinsie  energy  of  the  fluid,  or  the  energy  which  it  is  capable 
of  exerting  against  a  piston,  in  changing  from  a  given  state  as  to 
temperature  and  volume,  to  a  state  of  total  privation  of  heat  and 
indefinite  expansion.  In  fig.  93,  the  values  of  the  intrinsic  enersy 
of  the  fluid  in  the  conditions  A  and  B  are  represented  respectively 
by  the  indefinitely  prolonged  areas  X  Ya  A  M,  X  Yb  B  N.  The 
quantity  above  denoted  by  S  is  the  same  with  that  denoted  by  the 
same  83rmbol  in  Article  238.  Let  the  suffixes  a,  b,  denote  the 
states  of  the  fluid  at  the  beginning  and  end  of  any  given  series  of 
changes  of  temperature  and  volume,  and  H.,  ^  the  supply  of  heat 
from  an  external  source  necessary  to  produce  those  changes,  ex- 
pressed in  foot-pounds;  then 

H^»-f';)rfi>  =  (fer-S)»-(ftT-S).; (2.) 

that  is  to  say,  the  excess  of  the  hecU  absorbed  above  the  external  work 
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performed  is  eqtuU  to  tJie  increase  of  the  iTUrinsie  energy;  80  that  thtt 
exceta  depends  on  the  initial  and  final  states  only,  as  already  shown 
in  Article  238. 

248.  KzipreMtoii  •€  Ibe  Tlienii««7MiBile  FanettoM  !■  T«raM«rih« 
TeHpenitHTO  aadi  PresMire. — The  volume  of  unity  of  weight  of  a 
fluid  9,  its  expansive  pressure  p,  and  its  absolute  temperature  r, 
form  a  system  of  three  quantities,  of  which,  when  any  two  are 
given,  the  third  is  determined.  In  the  preceding  Articles,  the 
volume  and  temperature  are  taken  as  independent  variables,  and 
the  pressure  is  expressed  as  a  function  of  them.  In  some  investi- 
gations it  is  convenient  to  take  the  pressure  and  temperature  as 
independent  variables,  the  volume  being  expressed  as  their  func- 
tion. The  following  expression  of  the  thermodynamic  function  in 
terms  of  this  pair  of  independent  variables  is  taken  ^m  an 
unpublished  continuation,  now  in  the  hands  of  the  Boyal  Sociely 
of  Edinburgh,  of  a  series  of  papers  already  referred  to.  Let  r^,  as 
before,  be  the  absolute  temperature  of  melting  ice ;  p^  f q,  the  pro- 
duct of  the  pressure  and  volume  of  unity  of  weight  of  the  fluid,  in 
the  perfectly  gaseous  state,  at  that  temperature  (of  which  quantity 
examples  are  given  in  Table  11. ,  at  the  end  of  the  volume);  then 

,.(».«)h„W'-/:.^:-.'. <>■) 

By  the  aid  of  the  above  equation,  and  of  the  following  well  known 
theorem: — 

f^pdv^  r^vdp-^p^v^^p.v^ (2.) 

all  the  equations  of  the  preceding  sections  are  easily  transformed. 
The  graphic  representation  of  the  quantity  denoted  by  the  second 

term  of  equation  lis  of  the  fol- 
lowing kind  (see  fig.  95): — Let 
abscissse  measured  along  O  X 
represent  volumes  occupied  fay 
one  pound  of  the  substance.  Let 
ordinates  parallel  to  O  Y  repre- 
sent pressures  exerted  by  it.  It 
is  required  to  find  the  second 
term  of  the  theilnodynamic  func- 
tion for  the  condition  of  the 
substance  corresponding  to  the 


^2^ 


Fig.  95. 


point  A^  on  the  diagram,  whose  co-ordinates  are  O  Y^  =  v,  and 
O  P  =  Vj  Aj  =  p ;  the  absolute  temperature  being  t.  Let  A,  Tj  be 
the  isothermal  curve  of  r.  Then  the  indefinitely  extended  area 
X  0  P  Aj  Tj  is  what  is  repi-esented  by 
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I 


vdp, 
0        ^ 


Let  A^  Tj  be  the  isothermal  curve  corresponding  to  the  absolute 

temperature  r-^J^r^  and  cutting  Aj^  P  ||  O  X  in  A^     Then  the 
symbol 

ap 


/: 


0  d  T 

represents  the  limit  towards  which  the  quotient 

areaTgAgAiT^ 


A^ 


approximates,  when  A  r  is  indefinitely  diminished. 

By  using  the  form  of  the  thermodynamic  function  explained  in 
this  Article,  the  general  equation  of  the  expansive  action  of  heat  in 
a  fluid  is  made  to  take  the  following  form : — 

dv 
-^Tr^P' (3) 

a  form  which  is  convenient  in  cases  where  the  pressure  and  its 
mode  of  variation  are  amongst  the  primary  data  of  the  problem. 
It  will  be  shown  in  a  subsequent  Article,  that  the  constant  part 


fe  + 


PO^Q 


^0 


of  the  co-efficient  of  ef  r,  is  the  dyruMniccd  specific  hecU  oftlie  Jluid, 
in  the  state  of  perfect  gas,  under  a  constant  pressure, 

249.  IPHmeipmi  Aipipliciiti*n«  vt  the  I«aw«  ef  the  ExpttnalTe  Actlea 

•THcai. — The  relation  between  the  temperature,  pressure,  and 
volume  of  one  pound  of  any  particular  substance  being  known  by 
experiment,  the  principles  of  the  preceding  Articles  serve  to  com- 
pute the  quantity  of  heat  which  will  be  absorbed  or  rejected  by  one 
pound  of  that  substance  under  given  circumstances;  and  conversely, 
in  some  cases  when  the  quantities  of  heat  absorbed  or  rejected 
under  given  circumstances  are  known  by  experiment,  the  same 
principles  serve  to  determine  relations  between  the  temperature, 
pressure,  and  density  of  the  substance.  The  chief  subjects  to  which 
the  principles  of  the  expansive  action  of  heat  are  applicable,  are 
the  following: — Beal  and  apparent  specific  heat;  the  heating  and 
cooling  of  gases  and  vapours  by  compression  and  expansion;  the 
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velocity  of  sound  in  gases;  the  free  expansion  of  gases;  the  flow  of 
gases  through  orifices  and  pipes;  the  latent  and  total  heat  of  eva- 
poration of  fluids,  the  latent  heat  of  fusion ;  the  efficiency  of 
thermodynamic  engines.  The  last  of  those  subjects  is  that  to  which 
this  treatise  specially  relates;  but  in  order  to  make  it  intelligible, 
it  is  necessary  in  the  first  place  to  give  a  summary  of  the  principles 
of  the  subjects  enumerated  before  it. 

250.  Real  and  AnNureat  Apecifle  Kcat — These  terms  have  been 
explained  in  a  previous  Article.  The  symbolical  expression  for  the 
apparent  specific  heat  of  a  given  substance,  stated  in  units  of  work 
per  degree  of  temperature  in  unity  of  weight,  is  as  follows : — 

,  dt 

_         ^       dlS.  d'0        y    .  dr  (1.) 

dr  a  r  dr 

In  which  the  term  ft  is  the  real  specific  heat,  or  that  which  actually 
makes  the  substance  hotter,  being  a  constant  quantity;  while  the 
other  term  represents  the  heat  which  disappears  in  performing 
work,  internal  and  external,  ibr  each  degree  of  rise  of  temperature. 

d'0  d'  ^^ 

The  co-efficients  -^ —  and  d  r  ,    represent    respectively    the 

dr 
complete  rates  of  variation  with  temperature  of  the  thermodyna- 
mic function  and  heat-potential,  under  the  circumstances  of  the 
particular  case.  With  respect  to  liquids  and  solids,  it  is  impossible 
to  regulate  artificially  the  mode  of  variation  of  the  thermodynamic 
function  to  an  extent  appreciable  in  practice.  For  substances  in 
these  states,  the  apparent  specific  heat  increases  with  rise  of  tem- 
perature at  a  rate  which  is  slow,  but  which  appears,  as  theory 
would  lead  us  to  expect,  to  be  connected  with  the  rate  of  expan- 
sion. For  gases,  the  mode  of  variation  of  the  thermodynamic 
function  with  temperature  may  be  regulated  artificially  in  an  arbi- 
trary manner,  so  as  to  vary  the  apparent  specific  heat  in  an  inde- 
finite number  of  ways.  It  is  customary,  however,  to  restrict  the 
term  "Specific  heat"  in  speaking  of  gases,  to  two  particular  cases; 
that  in  which  the  volume  is  maintained  constant  during  the  variar 
tion  of  temperature,  and  that  in  which  the  pressure  is  maintained 
consfcant,  as  formerly  explained  in  Article  210.  The  specific  heat 
at  constarU  vclume^  is  expressed  as  follows,  in  units  of  work  per 
degree,  being  deduced  from  the  expression  for  the  thermodynamic 
function  in  Article  246,  equation  1 : — 

Jc.=  K.  =  Jt  +  r/''    ^^dv. (2.) 
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For  a  theoretically  peiiect  gas, 

K,  =  fc (2a.) 

The  specific  heat  tinder  conMani  pressure,  deduced  from  the  expres- 
sion for  the  thermodynamic  function  in  Article  248,  equation  1, 
is  as  follows  : — 

Jc,=K,^k  +  ^-rJl^.dp. (3.) 

For  a  perfect  gas, 

K,  =  fe+^^ (3  a.) 


^0 


being  simply  the  real  specific  heat  increased  by  the  work  performed 
by  unity  of  weight  of  the  gas  in  imdergoing,  at  any  constant  pres- 
sure,  the  expansion  corresponding  to  one  degree  of  rise  of  tempera- 
ture ;  a  quantity  of  work  which  is  constant  for  a  given  perfect  gas 

under  all  circumstances.  The  quantities  --t-^  and  -r^,  represent- 
ing the  deviation  of  the  laws  of  the  elasticity  of  actual  gases  from 
those  of  the  ideal  oonditioK  of  perfect  gas,  are  so  small,  that  their 
effects  on  apparent  specific  heat,  though  calctdabley  fall  within 
the  probable  limits  of  errors  of  observation  in  the  direct  experi- 
ments hitherto  made  on  the  specific  heat  of  the  more  common 
gases,  such  as  air  and  carbonic  acid  Keferring,  therefore,  to  the 
detailed  papers  already  cited  in  the  Trcms,  of  the  Royal  Society  of 
Edinhurghy  voL  xx.,  for  computations  of  the  effects  of  such  devia- 
tions, it  will  be  sufficient  for  practical  purposes  to  consider  the 
specific  heats  of  gases  as  represented  by  the  formulse  2  a  and  3  a. 
The  specific  heats  of  gases,  as  expressed  in  the  customary  way,  by 
their  ratios  to  that  of  water,  are  found  by  dividing  the  quantities 
in  these  formuke  by  Joule's  equivalent  (J),  and  may  be  thus  ex- 
pressed : — 

^»  —  "t~  >  ^*  ■*"    J  • \**) 

Examples  of  specific  heat,  stated  in  both  ways,  are  given  in  Table 
II.,  at  the  end  of  the  volume.  Before  the  period  of  M.  Regnaulfs 
experiments  on  a  great  variety  of  gases  and  vapours,  published  in 
the  Comptes  Rendus  for  1853,  no  trustworthy  direct  experimental 
determination  of  the  specific  heat  of  any  gas  or  vapour  existed,  ex- 
cept an  approximate  determination  by  Mr.  Joule,  made  in  1852,  of 
the  specific  heat  of  air ;  for  the  results  formerly  relied  upon  have 
been  shown  to  be  erroneous.  In  one  of  the  papers  referred  to  in 
the  preceding  Article,  however  {Edinburgh  TransaUions,  1850),  the 


n 


318  STEAX  AND  OTHER  BELT  EETOINESL 

dynamical  specific  heats  of  air  had  been  computed  from  the  foDov- 
ing  data : — 

Po  Vo,  from  M.  Regnault*8  experimenta  26214  foot-pounda.     t«  .: 
493'»-2  Fahrenheit 

•'•  K,  —  K^  --i^LJ  —  53-15  foot-pounds  per  degree  of  Fahren- 

heit ;  being  the  enei^  exerted  by  one  pound  of  air  in  undergoing, 
at  a  constant  pressure,  the  expansion  corresponding  to  one  degree 
of  rise  of  temperature,  and  the  mechanical  equivalent  of  the  latent 
heat  of  expansion  of  the  air  under  those  circumstances,  which 
(afl  stated  in  Article  212)  is  0*069  of  a  British  thermal  unit,  s 
5315 

y  =  -^y  as  deduced  from  the  velocity  of  sound  in  air,  assumed 

in  the  paper  referred  to  as  approximately  =  1*4 ;  but  a  more  exact 
value  is  1*408.     Consequently, 

jr         PflVe  1  5315         ,«A«    ^    ^ 

^  «=  -^  •     2   ~  Q.^QQ  =  130*3  foot-pounds  per  degree 

of  Fahrenheit. 

K,  =  fJ^^  -y       .  53*15  X  J^l  =  130*3  +  53*15  =  183*45 
To      y  —  I  0*408 

foot-pounds  per  degree  of  Fahrenheit  Hence  is  deduced  the  fol- 
lowing ratio  of  the  specific  heat  of  air  under  constant  pressure  to 
that  of  water, 

^=5==-!^?= o^- 

c,  according  to  M.  Kegnault's  experiments,  published  ) 

'  Difference, ....',. .'"*'."*'....''.'     0*0002* 

*  In  the  calcnlation  pnblished  in  1860,  y  was  assumed  :=  1*4,  and  cy  was  com- 
pnted  as  =  0*24;  but  the  calculation  just  given  being  founds  on  a  more  accarate 
▼aloe  of  y,  is  of  course  to  be  preferred  as  a  test  of  the  dynamical  theoiy  of  heat  Mr. 
Joule*s  approximate  determination  in  1852  was  0*28.  According  to  the  dynamical 
theory  of  heat,  the  apparent  specific  heat  of  a  gas  under  constant  pressure  is  sauibfj^ 
the  aame  at  aU  prtnures  and  temperaturet,  if  the  gas  is  nearly  perfect  According 
to  the  hypothesis  of  substantial  ccuoric,  that  specific  heat  diminishes  om  the  presturB 
increases,  according  to  a  law  which  is  stated  in  many  treatises  on  physics,  e^'en  of  the 
most  recent  dates  (in  tome,  indeed,  as  confidently  as  if  it  were  an  observed  fact).  The 
experiments  of  M.  Regnault,  by  which  the  specific  heat  of  air  under  constant  pressure 
was  determined  at  various  temperatures  finom — 22**  Fahr.  up  to  487®  Fahr.,  and  at 
various  pressures  of  from  one  to  ten  atmospheres,  and  found  to  be  sensibly  the  same 
under  all  these  drcumstanoes,  constitute  ^  experimenta  cracla"  conclusive  against 
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251.   Hcatiiif  ■■«  C«ollac  mi  Gmm  nmd  Tap^nv  hj  cImi    

BMd  JBxp«HBiMi«— If  a  Bubstance  wholly  or  partially  in  the  state  of 
gas  or  yapoiir  be  enclosed  in  a  vessel  which  does  not  conduct  any 
appreciable  amount  of  heat  to  or  from  the  substance,  then  the  com- 
pression and  expansion  of  the  substance  through  yaiiations  of  the 
volume  of  the  vessel  will  produce  respectively  heating  and  coolings 
according  to  a  law  expressed  by  the  condition,  that  the  thgrmo- 
dynamic /unction  is  constant. 

The  following  equations  contain  two  modes  of  expressing  this 
condition,  deduced  from  the  expressions  in  Articles  246  and  248 
respectively : — 

it  hyp  log  T  +  I     _£  rf  V  =  constant^ (1.) 

(k  +  ^)  byp  log  r—  j^^J^^dp  =  constant,...(2.) 

and  each  of  those  is  the  equation  of  an  adiabatic  curve. 
For  a  perfect  gas,  we  have 


O  T        TqV  d  r        r^p  ' 


(3.) 


hence  let  p^  v^  correspond  to  one  given  absolute  temperature  r^, 
and  />2  ^2  to  another  given  absolute  temperature  r^ ;  then  for  a  per- 
fect gai<,  or  a  gas  sensibly  perfect, 


....(4.) 


These  equations  give,  for  the  law  of  expansion  of  a  perfect  gas, 
without  receiving  or  emitting  heat,  the  following  relation  between 
the  pi*es8ure  and  the  volume, 

and  this  is  the  simplest  form  of  the  equation  of  an  adiabatic  curve 
for  a  perfect  gaa  The  values  of  the  several  exponents  in  equations 
4  and  5  for  aib  are, 

that  *'  idolon  fori,"  tbe  bypotbcsb  of  caloric.  Those  experiments  abo  afford  evidence 
of  the  fact,  that  the  scale  of  the  air  thermometer  sensibly  agrees  with  that  of  absolut* 
tamperatnres. 
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y 

= 

I '408 

y 

—  1 

= 

0-408 

y 

1 
—  1 

= 

2451 
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= 
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1 

3*45^ 

1 
y 

= 

071 

y  ■ 

-1 

0»0ft 

For  STEAM  in  the  perfectly  gaseous  state,  taking  (as  in  Article 
202,  equation  i),  poVo  =  i2Hl,  and  according  to  M.  R^;nault's 
experiments,  K,  =  772  x  0-475  z=  366-7,  we  find, 


y      =1-304 
y  —  1  =  0-304 
1 

7zrT  =  3-29 

;rzri  =  4-29 
1 

—   =  o'767 
y  '   ' 

y— 1 

=  0-233 


y 

These  values,  however,  are  not  so  certain  as  those  of  the  corre- 
sponding quantities  for  air.  From  equation  1  is  easily  deduced  the 
law  of  the  variation  of  the  pressure  with  the  volume  of  any  fluid, 
whether  perfectly  gaseous  or  not^  enclosed  in  a  non-conducting 
vessel,  viz. : — the  rcUe  of  variation  of  the  pressure  vnth  the  volume 
when  the  fluid  is  enclosed  in  a  non-condu^sting  vessel,  exceeds  the  rate 
of  varicUion  when  the  temperature  is  constant,  in  the  ratio  of  the 
apparent  specif  heaJt  of  the  fluid  at  con^tamt  pressure  to  its  apparent 
specific  heal  at  constant  volume ; — a  law  expressed  symbolically  as 
follows : — 

dp 
d '  p  d  r  ,^^ 
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For  a  perfect  gas  this  becomes^ 

dp  ,  p 

V 


T^  --y   -' 


as  equation  5  also  shows.  The  cooling  of  air  bj  expansion  has  been 
applied  by  Dr.  Crorrie  to  the  mannfiicture  of  ice,  and  hy  Professor 
Piazzi  Smyth  to  ventilation. 

252.  Tei«citr  •£  s«and  la  Gmm.*— The  velocity  of  sound  in  any 
fluid  is  well  known  to  be  equal  to  that  acquired  by  a  heavy  body 
in  fidling  through  one-half  of  the  height  which  represents  the  varia- 
tion of  the  pressure  of  the  fluid  with  its  density  during  a  sudden 
change  of  density.  That  is  to  say,  let  a  be  the  velocity  of  sound 
in  feet  per  second,  g  the  accelerating  force  of  gravity  in  a  second 
=  32*2  feet  per  second,  D  the  weight  of  one  cubic  foot  of  the  fluid 

in  pounds  =      ,  and  p  its  elastic  pressure  in  pounds  per  square 

foot,  then 


«  =  \/ 


^               ..  (l) 

dD ^^'^ 


During  the  transmission  of  a  wave  of  sound,  the  compression  and 
expansion  of  the  particles  of  a  fluid  take  place  so  rapidly,  that  there 
is  not  time  for  any  appreciable  transmission  of  heat  between  dif- 
ferent particleSyt  and  the  variations  of  the  pressure  and  density  are 
related  to  each  other  as  they  would  be  in  a  non-conducting  vessel ; 
consequently,  if  h  represents  the  rate  of  variation  of  pressure  with 
density  at  a  constant  temperature,  then  it  follows  from  the  principle 

of  equation  6,  Art  251,  that  -^X-  =  yh,  and 


a=  Jgyh (2.) 

This  equation  was  proved  long  ago  by  Laplace  and  Poisson,  for 
perfect  gases,  for  which 

h=pv  =  ^  •  T (3.) 

but  it  is  true,  aa  we  have  seen,  for  all  fluids  whatsoever. 

Applying  the  formula  to  air,  considered  as  a  sensibly  perfect  gas, 
with  the  following  data : — 

*  Id  this  Article  the  sounds  are  supposed  to  be  of  moderate  intensity,  so  that  there  is 
no  sensible  acceleration  of  the  soond  due  to  the  cause  investigated  by  Mr.  Eamsliair: 
as  to  which  see  Proc*  Roy,  8oe^  1869. 

t  Proved  by  Prof.  G.  G.  Stokes. 
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y  =  1-408 ;;>o ^0=26214;  T=Tp; 

Feet 
The  following  is  found  to  be  the  Telocity  of  sound  in    per  aeoootL 

pure  dry  air  at  the  temperature  of  melting  ioe^ 1090-3 


The  velocity  by  experiment  ii 

According  to  MM.  Bravais  and  Martins, 1090*5 

According  to  MM.  Moll  and  Yan  Beek,  1090*1 

Experiments  on  the  velocity  of  sound  serve  to  determine  the  ratio  v 
of  the  specific  heats  of  a  gas  at  constant  pressure  and  at  ccmstant 
volume.  For  oxygen^  hydrogen,  and  carbonic  oxide,  it  is  sen* 
sibly  the  same  as  for  air;  for  carbonic  acid,  considerably  less. — 
{Edinhurgh  Trafuactiomy  vol.  xx.) 
^  253.  Free  JBzptiBaiM  mf  Ctawes  mud  TapMn*. — ^When  the  expan- 
sion of  a  gas  takes  effect,  not  by  enlai^ng  the  vessel  in  which  it 
is  contained,  and  so  performing  work  on  external  bodies,  but  hy 
propelling  the  gas  itself  from  a  space  in  which  it  is  at  a  higher 
X>ressure  p^^  into  a  space  in  which  it  is  at  a  lower  pressure  p^  a 
portion  of  energy  represented  by 


/ 


^^  V  dp 


is  employed  wholly  in  agitating  the  particles  of  the  gas;  and  when 
the  agitation  so  produced  has  entirely  subsided  through  the  mutual 
friction  of  those  particles,  an  equivalent  quantity  of  heat  is  developed, 
which  neutralizes  the  previous  cooling,  wholly  if  the  gas  is  perfect, 
partially  if  it  is  imper&ct  The  equation  representing  the  result  of 
this  process  is  the  following  : — 


P  rrf^  =  f^'  V  dp (1.) 


In  this  equation,  let  the  thermodynamic  function  be  expressed  in 
terms  of  the  temperature  and  pressure,  as  in  Article  248,  and  let  K, 
be  put  for  its  own  value,  according  to  Article  250,  equation  3; 
then  we  have 

ll^-'-rS'r-'Y' « 

This  quantity  represents  the  amount  whereby  the  heat  reproduced 
by  Mction  falls  short  of  that  which  disappears  during  the  expan- 
sion, and  for  a  perfect  gas  is  null.  The  phenomenon  here  in  ques- 
tion was  first  employed  by  Mr.  Joule,  and  Professor  William  Thom- 
son, jointly,  to  determine  experimentally  the  relation  between  the 
absolute  scale  of  temperature,  and  that  of  the  air  thermometer, 
which  had  previously  been  to  a  considerable  extent  a  matter  of 
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oonjecture  and  hypothesi&  In  such  experiments  the  variation  of 
temperature  which  takes  place  is  very  small,  hence  we  may  put 
approximatelj 


^^^'=('^-0/2'"'^ <^> 


where  ^  is  the  mean  of  v^  and  ^^  and 


A^  =  rj  — r, 


is  the  final  cooling  effect  Let  T  represent  temperature  measured 
by  tjie  air  theimometer  on  the  ordinary  scale,  and  k  the  dynamical 
specific  heat  of  the  gas  under  constant  pressure  as  referred  to  this 
scale,  which  is  formed  by  multiplying  the  specific  heat  as  given  by 
M.  Regnault,  by  Joule's  equivalent.  Let  the  absolute  tempera- 
ture r  be  regarded  as  a  function  of  T, 

-=/(T) 
whose  form  is  to  be  ascertained.     Then  for  equation  3  we  may  put 

Each  experiment,  on  cooling  by  free  expansion,  gives  a  value  of  the 
cooling  effect  a  T,  corresponding  to  a  particular  pair  of  pressures 
Pi,  p^     The  relations  between  p,  v,  and  T,  are  given  by  formulse, 
founded  on  M.  Begnault's  experiments  on  the  dasticity  of  gases, 
and  already  exempHfied  in  Article  202,  equations  2  and  3.     Conse- 
quently from  each  experiment  on  free  expansion,  there  can  be  cal- 
culated the  value  of  ^XJ  =  — 3^^'  ^^^  *  Particular  tempe- 
rature T  on  the  air  thermometer.   This  function,  when  multiplied  by 
Joule's  equivalent,  is  called  "  Camot's  Function,"  being  a  function 
of  which  Camot  pointed  out  the  existence,  but  fkiled,  from  reasons 
stated  in  the  historical  sketch,  to  discover  the  form.     Those  experi- 
ments on  free  expansion,  so  fiur  as  they  have  yet  been  carried 
(having  been  made  on  air  and  carbonic  acid),  indicate,  that  the 
absolute  zero  of  heat  does  not  appreciably  differ  from  that  of 
gaseous  tension,  and  that  the  scale  of  absolute  temperature  sen- 
sibly coincides  with  that  of  the  perfect  gas  thermometer.     (PhiL 
Trans,,  1854.)    This  &ct  having  been  established,  experiments  on 
free  expansion  become  an  easy  and  accurate  means  of  ascertaining 
the  relations  between  the  pressures,  temperatures,  and  densities  of 
various  elastic  fluids.    Experiments  on  the  free  exftaaaxm  of  steam 
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Lave  been  made  by  Mr.  C.  W.  Siemens,  and  show  (as  theoiy  leads 
us  to  expect),  that  steam,  afler  having  been  freely  expanded,  is 
guperheaUdf  or  above  the  temperature  of  saturation  corresponding 
to  its  pressure. 

254.  FUw  •f  CtaisM* — The  principles  of  the  flow  of  a  perfect  gas 
through  an  orifice,  as  deduced  from  the  laws  of  thermodynamics^ 
were  investigated  in  1856  by  Messrs.  Thomson  and  Joule  (see  Proc 
Roy,  Soc.f  May,  1856),  and  by  Professor  Julius  Weisbach  (CivUin- 
geniewTy  1856).  The  demonstration  of  those  principles  is  given  in 
A.  Mantud  of  Applied  Mechanics,  Articles  637,  637  a.  For  the 
purposes  of  the  present  treatise,  it  is  unneoessaiy  to  give  more  than 
the  results. 

Let  the  pressure,  density,  and  absolute  temperatnr^  of  a  gas 

within  a  vessel  be  pj,  — ,  Tj,  and  without  the  vessel,  p^,  — ,  ^2f 

Let  O  be  the  area  of  an  orifice  through  which  the  gas  escapes  ' 
from  the  vessel ; 

k,  a  co-efficierU  of  conlrciction,  or  of  effliuc,  so  that  the  effective  area 
of  the  orifice  is  ^  O ; 

u,  the  maximum  velocity  which  the  particles  of  the  gas  acquire 
in  escaping,  when  there  is  no  friction; 

W,  the  weight  of  the  gas  which  escapes  in  a  second;  then, 

w=*^  =  ;fcOu--:^^.(^«)^ (2.) 

The  value  of  the  co-efficient  of  efflux  k  has  been  found  experi- 
mentally by  Professor  Weisbach,  for  air  with  various  forms  of 
outlet,  with  the  following  results : — 

Conoidal  mouthpieces,  of  the  form  of  the  con-  "j  k 

tracted  vein,  with  effective  pressures  of  from  >  0*965  to  0*985 

•23  to  1*1  atmosphere, j 

Circular  orifices  in  thin  plates, 0*555  ^  0*787 

Short  cylindrical  mouthpieces, 0*730  to  0*833 

The  same,  rounded  at  the  inner  end, 0*927 

Conical  converging  mouthpieces,  the  angle  of  1  ^.^.^ +^  ^.^^^ 
convergence  about  7"  9', |  o  910  to  o  9O4 

For  further  details,  see  Professor  Weisbach*s  paper  in  the  CivH- 
inffenieur. 

The  principles  of  the  flow  of  liquids  may  be  applied  without 
sensible  error,  to  gases  made  to  flow  by  small  differences  of  pres- 
sure, as  in  the  case  of  the  draught  of  dumneys^  Article  233. 
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255.  lAtoBt  KcBt  ttf  BT«p«nUMk — It  is  known  by  experiment, 
that  the  pressure  tinder  which  a  fluid  boils  at  a  given  temperature 
(being  the  least  pressure  under  which  it  can  exist  in  the  liquid 
state,  and  the  greatest  under  which  it  can  exist  in  the  gaseous 
state,  at  the  given  temperature),  is  a  function  of  the  tempei*ature 
ODly  (see  Article  206,  Division  lIL,  page  237,  and  Tables  IV.,  Y., 
and  YI.,  at  the  end  of  the  volmne).  Let  v*  be  the  volume  occupied 
by  one  pound  of  a  fluid,  when  in  the  liquid  state,  at  the  absolute 
temperature  r,  and  under  the  corresponding  pressure  of  ebullition  p, 
and  V  the  volume  of  the  same  weight  when  in  the  state  of  saturated 
vapour  at  the  same  pressure  and  temperature.  Then  on  applying 
equation  2,  of  Article  246,  to  this  case,  we  find  that  because  the 
temperature  is  constant,  the  first  term  is  =  0,  and  because  the 

pressure  is  constant^  the  factor  r  -  ^  of  the  second  term  is  constant ; 

a  r 

so  that  the  integral  is 

H='5^,(''-A (1) 

which  is  the  value  Jn  units  of  work  of  the  heat  which  disappears  in 
evaporating  one  pound  of  the  fluid  at  the  given  temperature.    Now 

suppose  the  weight  of  fluid  evaporated  to  be , ;  that  is  to  say, 

V  —  V 

so  much  of  the  fluid,  that  its  increase  of  bulk  in  the  act  of  evapor- 
ating is  one  cubic  foot;  then 

L  =  -^  =  .^ (2.) 

will  be  the  lalenJL  hetU  of  evaporalion  in  foot-lbs,  per  cubic  foot  of 
epace.  This  law  enables  us  to  compute  the  quantity  of  heat 
expended  in  propelling  a  piston  through  a  given  space,  by  means 
of  a  given  vapour  cU  fail  pressure  and  at  any  temperature,  simply 
from  the  relation  between  the  temperature  and  the  pressure  of 
ebullition,  and  without  knowing  the  density  of  the  vapour.  The 
rate  of  increase  of  the  pressure  of  ebullition  with  the  temperature, 

-y^,  may  be  computed  either  from  a  table  of  such  pressures  for  the 

fluid  in  question  (such  as  those  given  by  M.  Regnault  in  the 
Memoires  and  Comptes  Eendus  of  the  Academy  of  Sciences),  or 
from  formulsB  of  the  following  form,  deduced  from  that  given  in 
Article  206,  Division  IIL  : — 

^='?.-^(?-^y)^yp'^i<^ <3) 

(hyp  log  10  -  2*3026  nearly). 
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For  the  values  of  B  and  C  for  certain  flaidB,  see  the  table  in  page 
237.    />  is  of  course  to  be  computed  in  lbs.  on  the  square/ooi. 

This  was  the  formula  employed  in  computing  the  numbers  in  the 
columns  headed  L  in  Tables  lY.  and  Y.  at  the  end  of  the  volume. 

■266.   Cgipateil—  •r  tiM  Pearfty  •f  TapMV  trmm  tke  Mjmamm  H«at. 

—As  has  been  stated  in  Article  202,  and  in  Article  206,  Division 
III.,  the  densities  of  vapours  are  but  imperfectly  known  by  direct 
experiment  The  density  of  a  vapour  at  saturation  at  a  given 
temperature  may  be  computed  indirectly  in  the  following  man- 
ner:— Let  L  be,  as  above,  the  latent  heat  per  cubic  foot,  and  H  the 
latent  heat  per  pound  of  the  fluid,  ascertained  by  experimeDts  (such 
as  those  of  M.  Begnault  on  water,  and  of  Dr.  Andrews  on  other 
fluids).     Then 

*-^^  =  ? • (1-) 

is  the  increase  of  volume  of  one  pound  of  the  fluid  in  evaporatiDg, 
from  which  the  density  of  the  vapour  is  easily  calculated.  The 
densities,  thus  computed,  of  the  vapours  of  lether  and  sulphuret  of 
carbon,  at  their  boiliDg  points  under  the  mean  atmospheric  pressure 
(2116*4  lb.  per  square  foot)  agree  almost  exactly  with  those  com- 
puted from  the  chemical  composition  of  those  vapours,  supposing 
them  to  be  perfectly  gaseous.  The  densities  of  the  vapours  of  water 
and  alcohol  as  computed  from  their  latent  heats  of  evaporation, 
are  greater  than  those  corresponding  to  the  perfectly  gaseous  state. 
For  steam  at  low  pressures  itxe  difference  is  trifling,  but  increasea 
rapidly  as  the  pressure  increases,     {Proe,  Bay.  Soc.  Edin.,  1855.) 

Example. —  jp  s=  2116*4  (one  atmosphere). 

iEtber.  Bisolph.  of  Carbon.    Water. 
Boiling  points  (ordinary  scale),       95°  11 4^8  a  12** 

Weight  of  one  cubic  foot  of 

vapour — 
Calculated  from  latent  heat,...  0*1853  lb.  0-1839  ^^*  0*0379^  llx 

^ttss'^o^ssa;!!:": }  °-«s6  0.830  0.03679 

Diflerences, 0*0003        0*0001        0*00111 

The  quantities,  in  the  column  headed  D,  in  Table  lY.,  are  the 
values  of xy  as  calculated  by  this  method.      They  agree  so 

nearly  with  the  values  of  -,  that  the  diflerence,  though  capable  of 
being  computed,  is  unimportant  in  practice.     In  Table  VI.,  the 
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▼allies  of  V  are  given  in  the  column  headed  Y.     (See  the  remarka 
on  those  tables  at  the  foot  of  page  231,  and  top  of  page  232.) 

257.  Tmiml  HMt  •€  Krm^tmUmu* — ^The  total  heat  of  evaporation  of 
unity  of  weight  of  a  ^md, /ram  one  temperature,  at  another  tempo- 
nttore,  is  the  quantity  of  heat  required  to  raise  the  temperature  of 
unity  of  weight  of  the  fluid  from  the  first  temperature  to  the  second, 
and  then  to  evaporate  it  at  the  second  temperature.  Some  fixed 
temperature,  such  as  that  of  melting  ice,  is  usually  taken  for  the 
first  temperature.  It  is  deducible  from  equation  3,  of  Art  248, 
that  the  total  heat  of  evaporation  of  one  pound  of  a  fluid,  whose 
vapour  ia  sensibly  a  perfect  gas,  and  very  bulky  as  compared  with 
the  hquidfjram  r^  al  r^,  is  sensibly  equal  to 

H,  +  K,K-r,) (1.) 

In  which  H^  is  latent  heat  of  evaporation,  in  foot-pounds,  of  the 
fluid  at  the  temperature  vq,  and  K,  is  the  dynamical  specific  heat 
of  its  gas  under  constant  pressure.  This  equation  is  demonstrated 
by  a  difierent  process  in  the  Edinburgh  Transactiona  for  1850, 
vol.  xz.  The  demonstration  of  a  principle  which  includes  it  will 
be  given  in  the  next  Articl&  Steam  is  not  a  perfect  gas ;  and  its 
total  heat  of  evaporation,  as  ascertained  by  experiment,  is  expressed 
in  foot-pounds,  by  multiplying  equation  2  of  Article  215,  by  Joule's 
equivalent,  as  follows  ; — 

Ho  +  «('i-r,); (2.) 

in  which  a  is  a  certain  constant,  less  than  the  specific  heat  under 
constant  pressure,  K,.  According  to  M.  Eognault's  experiments, 
let  r^  be  the  absolute  temperature  of  melting  ice;  then 

Ho  =  842872  pounds. 

a    =  235  foot-pounds  per  degree  of  Fahrenheit* 

It  is  by  means  of  equation  2,  that  the  quantities  in  the  column 
headed  H,  in  Table  YL,  at  the  end  of  the  volume,  were  com- 
puted. 

25S.  TmtA  Heat  •€  OawflcatiMi. — ^The  law  of  the  total  heat  of 
gasefication  has  been  already  stated  in  Article  215  b  (or  216,  as  it 
ought  to  have  been  numbered).  It  may  be  demonstrated,  either 
by  the  aid  of  the  form  of  the  thermodynamic  function  given  in 
Article  248,  or  by  a  direct  process. 

Thefirti  method  of  demonstration  is  as  follows  : — 

*  The  form  of  equation  2  was  bypoChetlcally  anticipated  bj  Sir  John  Lubbock  in 
1840. 
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Let  Ky = ft  -f  — ~  be  tHe  dt/namiccd  specific  heat  under  oonstant 


'0 


pressure,  of  a  given  substance  in  the  state  of  perfect  ga& 

Let  T^  be  a  temperature  so  low,  that  the  saturated  vapour  of  the 
substance  is  sensibly  a  perfect  gas  at  that  temperature.  (This,  for 
example,  is  the  case  for  water  at  32°  Fahr.) 

Let  j7^  be  a  constant  pressure  to  which  the  substance  is  sub- 
jected; 

Let  T^  be  a  temperature  so  high,  that  at  that  temperature,  and 
under  the  pressure  p^,  the  substance  is  sensibly  a  perfect  gas ; 

Let  the  substance,  by  communicating  heat  to  it,  be  brought  from 
a  condition  of  great  density,  whether  in  the  liquid  or  solid  state,  at 
Tq,  to  the  perfectly  gaseous  condition  at  T^ ;  under  the  constant 
pressure  p^; 

The  volume  in  the  denser  condition  must  be  supposed  to  be  inap- 
preciable, when  compared  with  that  in  the  gaseous  condition. 

The  thermodynamic  function,  as  given  in  Article  248,  in  terms  of 
the  absolute  temperature  and  the  pressure  as  independent  variables, 
is 

0^Krhjj^logr^  j^  -j^dp (1.) 

The  heat  absorbed  by  the  substance,  during  any  indefinitely 
small  change  of  temperature  d  r  and  of  pressure  dp,  is 

dK  =:  rd<P::zr(iyr+^^dp\ (2.) 

In  the  present  case,  the  pressure  is  constant;  and  therefore  the 
term  in  which  dp  is  a,  fJEU^r,  vanishes;  and  the  integration  to  be 
performed  is  as  follows : — 

do 


='=/:-^»=/MI^ 


=^'<'— j-/:/:^-'i"' w 

Now,  because  the  substance,  when  at  the  higher  limit  of  tempera- 

d^v 
ture  Tj,  is  sensibly  a  perfect  gas,  the  co-efficient -y~i  at  that  tempe- 

rature  is  sensibly  =  0.  Therefore  the  value  of  the  second  term  of 
the  above  formula  does  not  sensibly  vary  with  the  higher  tempeiu- 
ture  Tj,  and  is  sensibly  the  same  as  if  r^  were  =  tq,  Now  in  that 
case  we  should  have 
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13.Q  being  the  latent  liecU  of  evaporation  (in  foot-pounds),  of  one 
pound  of  the  substance  at  the  temperature  tq  ;  so  that,  for  equa- 
tion 3,  may  be  substituted  the  following : — 


J/.i  =  Hi=Ho  +Kp 
=  J  7*0  +  J  c. 


p  (''1  -  'o) 
>(Ti-To) 


)• 


.(4.) 


which  is  the  law  formerly  stated,  when  applied  to  quantities  of 
heat  expressed  in  foot-pounds. 

The  second  method  of  demonstration  is  as  follows  :— 

In  fig.  96,  as  usual,  let  ab- 
sciss® parallel  to  O  X  repi'e- 
sent  the  volumes  in  cubic  feet 
assumed  hj  one  pound  of  the 
substance  in  question,  when 
in  the  gaseous  state  (its  vo- 
lumes in  the  liquid  state  being 
neglected  as  inappreciable 
when  compared  with  its  vo- 
lumes in  the  gaseous  state), 


Fig.  96. 


and  ordinates,  parallel  to  O  Y,  its  pressures  in  pounds  on  the 
square  foot  Let  TT  be  the  isothermal  curve  for  the  vapour 
at  a  given  absolute  temperatui-e  r,,  which,  as  the  vapour  is  perfectly 
gaseous,  is  a  common  hyperbola,  the  rectangles  of  its  co-ordinatesj 
such  as  ABXBE,  DCx VF,  being  equal  for  every  point, 
and  represented  symbolically  by 

pv^zp'^r^p^v^  •--  =  constant 

where^  =  gE~;  rrrABj  y  =  CF;  t;'=Da 

Let  H,  H'  denote  the  values  of  the  total  heat  of  gasefication 
under  the  pressures  p,  p^  respectively,  for  the  same  limits  of  tem- 
perature, r^,  Tj. 

Then,  First,  The  total  heat  of  gasejicaticm  is  independent  of  the 
pressure:  that  is,  H'  =  H. 

This  is  proved  as  follows.  Let  the  substance  undergo  the  fol* 
lowing  cycle  of  operations  : — 

L  Gasefication  from  t^  to  r„  under  the  pressure  p.     In  this  case. 

The  heat  absorbed  is H 

The  energy  exerted  by  the  fluid  on  a  piston p  v 

XL  Expansion  at  the  constant  temperature  r^  from  the  volume 
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V  to  the  volume  f/.  In  this  case,  as  the  substanoe  is  perfecUj 
gaseous,  the  heat  absorbed  and  the  energy  exerted  on  a  piston  are 
each  o/tliem  represented  by  the  area 

HL  Condensation  finom  n,  and  cooling  to  r^  under  the  pressore 
/>'.     In  this  case, 

The  heat  given  <mi  is H* 

The  energy  exerted  by  the  piston  on  thejltdd p'  </. 

Hence,  the  heat  which  dieappeara  during  the  cycle  of  operations,  j» 

H+  fpdv  —  B!. 
The  resultant  or  effective  energy  exerted  by  the  gas  on  the  piston, 

^aTeAABCD^jvdpsz  fpdv. 

And  by  the  First  Law  of  ThermodynamicS|  those  quantities  ore 
equal;  therefore, 

H  — H[*  =  0;  orH'=H; 

— Q.  E.  D. 

Secokdlt,  Let  H^  be  the  latent  heat  of  evaporation  at  a  tem- 
perature T^,  at  which  the  saturated  vapour  is  sensibly  a  perfect  gas, 
and  'Ki  the  total  heat  of  gasefication  at  any  higher  temperature  T, 
under  any  constant  pressure.  Suppose  the  gas  to  be  first  produced 
by  evaporation  at  Tq,  and  then  raiAed  under  a  constant  pressure  to 
T^;  the  expenditure  of  heat,  in  foot-pounds,  per  pound  of  gas,  will 
be  independent  of  the  pressure,  and  will  be 

H,=H,  +  K,(T,-To), 

as  before  proved. — Q.  K  D. 

Taking  for  Tq  the  temperature  of  melting  ice,  we  have,  for  steam 
in  the  p^ectly  gaseous  condition,  or  Steaji-Gas, 

Ho  r=  842872  foot-pounds, 
Kp  =  0-475  X  772  =  366*7  foot-pounds  per  degree  of 

Fahrenheit  above  32°, 
H  =  842872  +  366-7  (T  —  32^ 


.(5.) 


From  this  formula  have  been  calculated  the  numbers  in  the 
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column  headed  H,  in  a  Table  of  the  EUutidty  and  Total  Heal  of 
One  Pound  of  Steamf^Gae,  which  will  be  given  in  a  subsequent 
Article. 

258  A.  Emammg  Heat  •f  FaaiMi*— When  freezing  and  melting  are 
accompanied  by  a  change  of  volume,  the  latent  heat  o//unon  is  sub- 
ject to  a  law  analogous  to  that  given  in  Article  255  for  the  latent 
heat  of  evaporation,  viz.,  let  v  be  ihe  volume  of  unity  of  weight  of 
the  substance  in  the  liquid  state,  v'  the  volume  in  the  solid  state, 

d  « 

r  the  absolute  temperature  of  fusion,  and  -r^  the  reciprocal  of  the 

rate  at  which  that  temperature  varies  with  the  external  pressure 
under  which  fusion  takes  place ;  then  the  latent  heat  effusion,  in 
units  of  work,  is 

^  =  *rf?  (*-"') (i> 

When  the  latent  heat  and  temperature  of  fusion,  and  the  alteration 
of  volume  t;  —  t/,  are  known  by  experiment  for  a  given  substance, 
the  alteration  of  the  temperature  of  fusion  by  pressure  may  be  com- 
puted by  the  following  formula  : — 

dp   '^        H       ^  -^ 

When  the  bulk  of  the  substance  in  the  solid  state  exceeds  that  in 
the  liquid  state  (as  is  the  case  for  water,  antimony,  cast  iron,  and 

according  to  Mr.  Nasmyth,  for  many  other  substances),  then  -^-p 

is  negative :  that  is,  the  temperature  of  fusion  is  lowered  by  pressure ; 
a  principle  first  pointed  out  by  Mr.  James  Thomson,  as  a  conse- 
quence of  Camot's  theory  {Edinburgh  Transactions,  voL  xvL)  For 
water  we  have  the  following  data : — 

V  =  0-016    cubic  foot  per  pound, 

v'  =  00174         „ 

T  =  493*»-2  Fahr. 

H=  142  X  772  =  109624  foot-pounds; 

consequently,  —  — L  --  0O000063  Fahrenheit,  being  the  amount 

by  which  the  melting  point  of  ice  is  lowered  for  each  pound  of  pres- 
sure on  the  square  foot.  An  atmosphere  of  pressure  being  2,1 1 6  lbs. 
per  square  foot,  we  have,  for  the  lowering  of  the  melting  point  per 
atmosphere  of  pressure, 
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2116  X   ^_^\  =  0*-0133  Fahrenheit, 
a  result  veiified  by  the  experiments  of  Professor  William  Thomson. 

Section  3. — Efficiency  ofths  Fluid  in  Heai  Engines  in  general. 

259.  AMiljal*  •f  th«  BAcleacT  •£  Heat  BaslaeB— If  the   number 

of  British  thermal  units  produced  by  the  combustion  of  one  pound 
of  a  given  kind  of  fuel,  be  multiplied  by  Joule's  equivalent,  772 
foot-pounds,  the  result  is  the  total  heal  of  coinbustian  of  the  fuel  ilx 
question,  expressed  in  foot-pounds.  For  different  kinds  of  fuel,  as 
may  be  deduced  from  the  data  in  Article  227,  this  quantity,  in 
round  numbers,  ranges  between  5,000,000  and  12,000,000  foot- 
pounds This  total  heat  is  expended,  in  any  given  engine,  in  pro- 
ducing the  following  effects,  whose  sum  is  equal  to  the  heat  bo 
expended : — 

1.  The  icaste  heai  o/thefotmace,  being  from  O'l  to  0*6  of  the  total 
heat,  according  to  the  construction  of  the  furnace,  and  the  skill 
with  which  the  combustion  is  regulated.     See  Article  234. 

2.  The  neeesaarily-T^ecied  heat  of  the  engine^  being  the  excess  of 
the  whole  heat  communicated  to  the  working  fluid  by  each  pound 
of  fuel  burned,  above  the  portion  of  that  heat  which  permanently 
disappears,  being  replaced  by  mechanical  energy. 

3.  The  heal  toasted  by  the  engine,  whether  by  conduction  or  by 
non-fulfllment  of  the  conditions  of  maximum  efficiency. 

4.  The  useless  work  of  the  engine,  employed  in  overcoming  fric- 
tion and  other  prejudicial  resistances. 

5.  The  useful  work.  The  efficiency  of  a  heat  engine  is  improved 
by  diminishing  as  &r  as  possible  the  first  four  of  those  effects,  so  as 
to  increase  the  fifth. 

It  appears  then  that  the  efficiency  of  a  heat  engine  is  the  pro- 
duct of  three  factors;  viz. : — L  The  effi^nency  of  the  fumacSy  being 
the  ratio  which  the  heat  transferred  to  the  working  fluid  bears  to 
the  total  heat  of  combustion  ;  XL  The  efficiency  of  the  fluid,  being 
the  fjraction  of  the  heat  received  by  it  which  is  transformed  into 
mechanical  energy ;  and.  III.,  The  efficient  of  the  mecJuxnism, 
being  the  fraction  of  that  energy  which  is  available  for  driving 
machines. 

The  first  of  those  factors, — the  efficiency  of  the  furnace, — ^has 
been  considered  in  Chapter  II.,  and  especially  in  Article  234  :  the 
second, — the  efficiency  of  the  fluid, — is  the  special  subject  of  the 
present  section;  the  third  will  be  considered  in  a  subsequent 
section. 

260.  ActtoM  af  the  Cfltadcr  aad  Platoa— fadicatod  Power.— The 

part  of  a  heat  engine  in  which  the  fluid  performs  work  consists 
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essentiallj  of  an  enclosed  space  whose  volume  is  capable  of  being 
alternately  enlarged  and  contracted,  by  the  motion  of  one  of  its 
boundaries.  The  enclosed  space  is  of  a  cylindrical  form,  in  all 
engines  that  are  extensively  used  in  practice;  and  it  is  called  the 
CYLINDER,  even  in  those  exceptional  engines  in  which  it  has  some 
other  figure.  Its  moveable  boundary  is  called  the  piston,  and  is 
usually  a  cylindrical  disc  fitting  the  cylinder,  in  which  it  moves  to 
and  fro  in  a  straight  line.  In  some  exceptional  engines  the  piston 
has  other  forms,  but  its  action  always  is  to  increase  and  diminish 
alternately  the  volume  of  a  certain  enclosed  space. 

The  steam  or  other  working  fluid,  while  it  is  entering  the  cylin- 
der and  expanding,  drives  the  piston  before  it,  and  exerts  on  the 
piston  an  amount  of  energy  equal  to  the  product  of  the  volume 
swept  through  by  the  piston  into  the  mean  intensity  of  the  pressure 
of  the  fliud.     This  operation  is  i^<&forwa/rd  Bfrrohe, 

During  the  rdLurny  or  b<ichoard  stroke,  the  piston  drives  the  fluid 
before  it,  and  either  expels  it  from  the  cylinder,  or  compresses  it, 
or  expels  part  and  compresses  part;  and  in  so  doing  the  piston 
exerts  energy  upon  the  fluid  to  an  amount  equal  to  the  product  of 
the  volume  swept  through  by  the  piston  into  the  mean  intensity  of 
the  pressure  of  the  fluid,  which  is  now  called  back  pressure. 

The  excess  of  the  energy  exerted  by  the  fluid  on  the  piston  dur- 
ing the  forward  stroke  above  the  energy  exerted  by  the  piston  on 
the  fluid  during  the  return  stroke,  is  the  effective  energi/  exerted  by 
the  fluid  on  the  piston  during  one  complete  stroke,  or  revolution, 
consisting  of  a  forward  stroke  and  a  return  stroke,  and  is  equal  to 
the  work  performed  by  the  piston  in  overcoming  resistance  other 
than  the  back  pressure  of  the  fluid ;  and  the  amount  of  that  work 
in  some  definite  time,  as  a  second,  a  minute,  or  an  hour,  is  the 
INDICATED  POWER  of  the  engine. 

The  method  of  computing  that  power  from  the  diagram  drawn  by 
the  indicator  of  a  working  engine  has  been  explained  in  Article  43. 

It  is  to  be  borne  in  mind  in  such  calculations  (as  has  been  ex- 
plained in  Article  6),  that  the  spaces  swept  through  by  the  piston, 
and  the  intensities  of  the  pressure,  must  be  stated  in  such  units  that 
the  product  of  a  space  into  the  intensity  of  a  pressure  shall  give  a 
quantity  of  work  in  foot-pounds.  Thus,  for  quantities  of  work  in 
foot-pounds — 


UNIT  OF  PRESSURE. 

One  lb.  on  the  square  foot. 
One  lb.  on  the  square  incL 


UNIT  OP  SPACE. 

One  cubic  foot. 

A  prism  a  foot  long  and  an  inch 

square,  =:  -ttt"  c^^^c  foot; 
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and  for  quantities  of  work  in  JcilogramfMl^res^^ 


UNIT  OF  PRESSURE. 

One  kilogramme  on  the  square  ) 
metre, / 

One  kilogramme  on  the  square  ) 
centimetre, j 


UNIT  OF  SPACE. 


One  cubic  metre. 
1 


1 


10,000'  ^^^^^  "'^^^  =  10  "^"^ 


1 


One  kilogramme  on  the  square  .  ,     ^^^^^ 
mUlimetre, /  |  ^']|r^^^ 


cubic  metre  s: 


1 


l,0UO 


The  method  of  computing  the  power  of  a  double-acting  engine, 
by  finding  separately  the  quantities  of  effective  eneigy  exerted  on 
the  two  sides  of  the  piston,  and  adding  them  together,  has  been 
sufficiently  explained  and  illustrated  in  Article  43,  pages  50,  51. 

261.  1»*ahte  CrUMdcr  ■■»!■—-*€?— ihteaij—  •€  ]»lii«raaM* — ^In  a 

double  cylinder  engine,  the  steam  or  other  fluid  performs  its  work 
in  two  cylinders,  a  smaller  and  a  larger,  which  at  certain  periods 
communicate  with  each  other.  In  some  cases  the  functions  of  two 
cylinders  are  performed  by  the  two  ends  of  one  cylinder.  The 
details  of  such  engines  will  be  explained  in  a  future  chapter;  the 
object  of  the  present  Article  being  to  show  how  the  indicator-dia- 
grams of  work  obtained  from  a  double  cylinder  engine  are  to  be 
combined,  so  as  to  produce  the  diagram  that  would  hare  been 
obtained  had  the  fluid  performed  the  same  work  by  going  through 
the  same  series  of  changes  of  pressure  and  volume  in  one  <^linder* 


To  fix  the  ideas,  the  fluid  will  be  spoken  of  as  etaam;  although  the 
principles  are  applicable  to  any  fluid.  The  steam,  then,  is  first 
admitted  from  the  boiler  into  the  smaller  cylinder,  until  it  fills  a 

certain  volume,  represented  by  B  C  in  fig.  97 ;  the  absolute  pressure 
is  repi-esented  by  the  height  of  B  0  above  the  zero  line  P  O  Q.  The 
admission  of  the  steam  is  then  cut  off,  and  it  expands  in  the 
smaller  cylinder  with  a  pressure  gradually  diminishing,  as  flhown 
by  the  ordinates  of  the  curve  CD.  D N  being  let  fidl  perpen- 
dicular to  0  Qi  ON  represents  the  whole  space  swept  through  by 
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tiie  piston  of  the  smaller  cylinder  during  its  forward  stroke.  At 
the  end  of  that  stroke,  a  communication  is  opened  between  the 
smaller  and  the  larger  cylinder;  and  the  forward  stroke  of  the 
piston  of  the  larger  cylinder  takes  place  at  the  same  time  with  the 
return  stroke  of  the  piston  of  the  smaller  cylinder.  During  this 
process,  the  steam  is  driven  before  the  piston  of  the  smaller  cylinder, 
and  drives  the  piston  of  the  laiger  cylinder;  it  exerts  more  energy 
on  the  latter  piston  than  it  receives  from  the  former,  because  the 
piston  of  the  larger  cylinder  sweeps  through  the  greateur  space;  and 
the  difference  between  those  quantities  pf  enei^  is  added  to  the 
energy  formerly  exerted  by  the  steam  on  the  piston  of  the  smaller 
cylinder.  This  part  of  the  action  of  the  steam  is  represented  by 
the  curves  D  A  and  E  F  :  the  ordinates  of  D  A  representing  the 
backward  pressures  exerted  by  the  steam  in  the  smaller  cylinder, 
and  the  ordinates  of  E  F,  the  forward  pressures  exerted  by  it  at 

the  same  time  in  the  larger  cylinder.  OP  represents  the  space 
swept  through  by  the  piston  of  the  larger  cylinder,  on  the  same 

scale  with  that  according  to  which  O  N  represents  the  correspond- 
ing space  for  the  smaller  cylinder. 

The  next  operation  is  to  shut  the  communication  between  the 
two  cylinders,  and  open  the  exhaust  port  of  the  larger  cylinder, 
and  the  admission  port  of  the  smaller.  Then  takes  place  the 
return  stroke  of  the  larger  cylinder,  during  which  the  steam  is 
expelled,  exerting  a  back  pressure  represent^  by  the  ordinates  of 
F  A ;  while  at  the  same  time  a  new  portion  of  steam  is  admitted 
into  the  smaller  cylinder,  and  expanded  as  before,  during  a  new 
forward  stroke  of  that  cylinder. 

Thus  are  produced  the  two  indicator  diagrams,  B  C  D  A  B  for 
the  smaller  cylinder,  and  E  F  A  E  for  the  larger,  and  the  sum  of 
their  areas  represents  the  energy  exerted  on  the  piston  by  the 
quantity  of  steam  which  is  expended  at  one  stroke.  When  two 
such  diagrams  are  taken  by  an  indicator,  for  the  sole  purpose  of 
computing  the  power  of  an  actual  engine,  they  may  be  drawn  on 
the  same  or  on  different  scales,  and  the  quantities  of  work  indicated 
by  them  may  be  computed  independently,  and  then  added  together. 
Of  this  a  detailed  example  has  already  been  given  in  Article  43, 
page  51. 

But  if  the  diagrams  are  to  be  used  for  the  purpose  of  examining 
into  the  thermodynamic  relations  between  heat  expended  and  work 
performed,  or  for  other  scientific  purposes,  it  is  best  to  combine 
them  into  one  diagram,  in  the  following  manner : — 

Draw  any  straight  line  K  G  H  parallel  to  P  O  Q,  and  intersect- 
ing both  diagrams.     Produce  that  line,  and  lay  off  upon  it 
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Then  GL  =  OH  +  KG  represents  the  total  volume  occupied 
by  the  steam,  partly  in  the  smaller  and  partly  in  the  larger  cylinder, 

\Krhen  its  absolute  pressure  is  represented  by  O  G ;  and  L  is  a  point 
in  the  indicator  diagram  which  would  have  been  described  had  the 
whole  action  of  the  steam  taken  place  in  the  larger  cylinder  only. 

By  drawing  a  sufficient  number  of  parallel  lines,  such  aa  ISLIj^ 
and  laying  off  the  proper  distances  on  them,  as  above,  any  number 
of  points  such  as  L  may  be  found,  so  as  to  complete  the  combined 

diagrv/m  B  C  D  L  M  A  B,  whose  leugth  O  Q  =  O  P  represents  the 
volume  swept  through  by  the  piston  of  the  larger  cylinder;  and 
this  diagram  may  be  reasoned  about  as  if  it  represented  the  action 
of  the  steam  in  the  larger  cylinder  alone. 

It  is  to  be  observed,  then,  as  a  general  principle,  that  the  energy 
exerted  hy  a  given  portion  of  a  fluid  during  a  given  series  of  changes 
of  pressure  and  wAume,  depends  on  tJuU  series  ofchanges^  and  not  on 
the  number  and  arrangement  of  the  cylinders  in  which  those  changes 
a/re  wndergone, 
^  262.  FlaiA  Actlas  ••  »  Cashtoa. — To  determine  geometrically 
the  efficiency  of  a  heat  engine,  it  is  necessary  to  know  its  true 
indicator  diagram;^  that  is  to  say,  the  curve  whose  co-ordinates 
represent  the  successive  volumes  and  pressures  which  the  fluid 
working  the  engine  assumes  during  a  complete  revolution.  This 
true  indicator  diagram  is  not  necessarily  identical  in  figure  with 
the  diagram  described  by  the  engine  on  the  indicator  card;  for 
•  the  abscis888  representing  volumes  in  the  latter  diagram,  include 
not  only  the  volumes  assumed  by  that  portion  of  the  fluid,  which 
really  performs  the  work  by  alternately  receiving  heat  while  ex- 
panding, and  emitting  heat  while  contracting,  in  such  a  manner  as 
permanently  to  transform  heat  into  mechanical  energy,  but  also 
the  volumes  assumed  by  that  portion  of  the  fluid,  if  any,  which  acts 
merely  as  a  cushion  for  transmitting  pressure  to  the  piston,  under- 
^  going,  during  each  revolu- 

tion, a  series  of  changes  of 
pressure  and  volume,  and 
then  the  same  series  in  an 
order  exactly  the  reverse 
of  the  former  order,  so  as 
to  transform  no  heat  per- 
manently to  mechanical 
energy. 

In  fig.  98,  let  aftce^be 
(h  X   the  apparent  indicator  dia- 


H 


Js 


Fig.  98.  gram-      Parallel  to    0  X 

draw  ffa  and  Lcj^  touching  this  diagram  in  a  and  c  respectively; 
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then  those  lines  will  be  the  lines  of  maximnm  and  TninimnTn  pres- 
sure. Let  H  E  and  L  G  be  the  voliimes  occupied  by  the  cuAkicm  at 
the  maximum  and  minimum  pressures  respectively :  draw  the  curve 
E  G,  such  that  its  co-ordinates  shall  represent  the  changes  of  volume 
and  pressure  undergone  by  the  cushion  during  a  revolution  of  the 
engine.  Let  K  E  o?  6  be  any  straight  line  of  equal  pressure,  inter- 
secting this  curve  and  the  apparent  indicator  diagram;  so  that 

K  5,  K  (/  shall  represent  the  two  volumes  assumed  by  the  whole 

elastic  body  at  the  pressure  O  E[,  and  K  F  the  volume  of  the 
cushion  at  the  same  pressure.     On  this  line  take 

6^=rfD  =  KrF; 

then  it  is  evident  that  B  and  D  will  be  two  points  in  the  true 
indicator  diagram;  and  in  the  same  manner  may  any  number  of 
points  be  found. 

The  area  of  the  true  diagram  A  B  0  D  is  obviously  equal  to  that 
of  the  apparent  diagram  abocL 

263.    WmtrmwOm  for  Eaergy  mxmHtd  hj  FteM  •■  PiiCMk  —  In  fig. 

09,  let  ABCDEA  repre- 
sent the  indicator  diagram  of 
a  heat  engine,  O  Y  as  usual 
being  the  line  of  no  presswre, 
and  O  P  that  of  9u>  volvmA 

The  area  of  that  diagram, 
representing  the  effective 
energy  exerted  by  a  certain 
quantity  of  the  fluid,  may  be 
computed  and  expressed  by 
either  of  two  methods. 

First  Method^L&t  thedot- 
ted  lines  B6,  E«,  be  tangents  to  the  diagram,  parallel  to  OP, 
so  that 

OdsrVgi  06  =  t/i; 

are  respectively  the  greatest  and  the  least  volumes  occupied  by  the 
quantity  of  fluid  in  question. 

Let  E  G  =  V  represent  any  small  portion  of  the  change  of 
volume  undergone  by  the  fluid.  Draw  F  L  H,  G  M  K,  perpendi- 
cular to  O  V;  and  let 


p  =  mean  of  F  H  and  G  K,  and 
j/  =  mean  of  F  L  and  G  M, 

represent  the  mean  intensities  of  the  pressures  of  the  fluid  when  the 

portion  of  the  change  of  volume  represented  by  F  G  =  av  takes 

z 
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place,  during  the  fofnoard  stroke^  aad  daring  the  rtiwm  stroke 
respectively,  so  that 

P—lf. 

is  the  effiBdive  pressure  corresponding  to  F  G. 
Then, 

(p— p')AV  =  areaLHKMnearly; 

and  by  dividing  the  whole  diagram  into  a  number  of  bands,  such 
as  L  H  K  M,  and  adding  their  areas  together,  we  get  as  an  approxi- 
mation to  the  whole  area  of  the  diagram, 

U  =  2  f  (p — j/)  A»}  nearly; 

being  the  value  already  given  in  Article  43. 

The  exact  value  of  iJiat  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  narrow.  That  limit,  or  irUegral, 
is  represented  by  the  symbol, 


TJ=  f^^ip-tO  «*» (1-) 


Second  Method. — Let  p^  represent  the  greatest,  and  p^  the  least 
intensity  of  the  pressure  of  the  fluid  during  its  action. 

Let  N  Q^Ap  represent  any  small  portion  of  the  change  of  pres- 
sure undergone  by  the  fluid.     Draw  N  T  B,  Q  W  S,  perpendicular 

to  OP,  and  let  

V  =  mean  of  N  R  and  Q  S,  and 
ly  =  mean  of  S^  and  QW, 

represent  the  mean  volumes  occupied  by  the  fluid  when  the  portion  of 
the  change  of  pressure  represented  by  N  Q  =:  a  p  takes  place,  during 
Uie/arward  stroke  and  during  the  return  stroke  respectively. 
Then, 

{v  —  V)  Ap  =  areaW SET  nearly; 

and  by  dividing  the  whole  diagram  into  a  number  of  bands,  such  as 
W  S  H  T,  and  adding  their  areas  together,  we  get  as  an  approxima- 
tion to  the  whole  area  of  the  diagram, 

XJ  =  2 1  (v  —  v)  Ap  J.  nearly. 

The  exact  value  of  that  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  narrow.  That  lunit,  or  inleffrcUy 
is  represented  by  the  symbol 
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I 


U=  P'  {v-iT^dpi (2.) 


Ps 

being  a  result  equal  to  that  given  bj  equation  1^  but  obtained  hj  a 
different  process. 

The  first  method  is  the  best  for  measuring  the  work  indicated  by 
the  diagrams  of  actual  engines.  The  second  is  the  most  convenient 
in  some  theoretical  inquiries. 

It  is  always  most  convenient  to  consider  the  quantity  of  fluid 
to  which  the  equations  1  and  2  refer,  as  being  one  pound  ;  so  that 
they  give  the  energy  exerted  per  pound  of  fluids  and  the  values 
of  V  are  simply  the  various  volumes  occupied  by  one  pound  at  dif- 
ferent periods  of  the  revolution  of  the  engine. 

To  express  the  energy  exerted  per  unit  of  space  ewept  through  by 
the  piston  (or  in  a  double  cylinder  engine,  by  the  piston  of  the 
larger  cylinder),  it  is  to  be  observed,  that  the  space  so  swept 
through  per  pound  of  fluid  employed,  is  the  difference  between  the 
greatest  and  least  volumes  occupied  by  one  pound;  that  is  to  say, 

'o^  —  '^iy 

so  that,  THE  ENERGY  EXERTED  PER  UNIT  OF  VOLUME  SWEPT  THROUGH 

_      U  j{p—p)dv      j{v  —  vf)dp 

If  the  unit  of  volume  is  a  euhie  foot,  this  formida  gives  the  mean 
{ffedine  presewre  in  pounds  on  the  squa/refooi;  if  the  unit  of  volume 
is  a  piism  a  foot  long  and  an  inch  square,  the  formula  gives  the 
meam  effective  pressv/re  in  pounds  on  the  squa/re  inch. 

The  ENERGY  EXERTED  IN  A.  GIVEN  TIME  (such  as  a  minuto,  or 
an  hour),  that  is,  the  indicated  power,  is  given  by  the  expression, 

w  U, (4.) 

in  which  id  is  the  weight  of  fluid  employed  in  the  given  time ;  or 
otherwise,  as  in  Articde  43^  equation  4,  by  the  expression, 

:= — 3-; (5-) 

in  which  A  is  the  area,  and  s  the  length  of  stroke  of  the  piston  (or 
of  the  piston  of  the  larger  cylinder,  in  a  double  cylinder  engine); 
80  that  A  «  is  tiie  volume  swept  through  per  stroke;  and  N  is  the 
number  of  strokes  in  the  given  time;  which  number,  in  a  double 
acting  engine,  is  to  be  doubled,  as  has  been  explained  in  Article 
43,  ucnless  the  quantities  of  energy  exerted  on  the  two  sides  of  the 
piston  are  computed  separately,  and  added  together. 
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Inasmach  as  we  have 
it  follows  that  the  toeight  of  fluid  em/ployedper  stroke  is 

If  the  diagram  in  fig.  99  is  held  to  represent  the  enei^  exerted 
by  one  pound  of  the  fluid,  then  the  abscisssB  parallel  to  O  V 
represent  simply  values  of  v,  the  volume  of  one  pound. 

If  the  diagram  is  held  to  represent  the  enei^  exerted  per  unit 

of  volume  swept  through,  then  the  line  h  e  represents  that  unit^  and 
the  abscisssa  parallel  to  0  V  represent  values  of 


(8.) 


If  the  diagram  is  held  to  represent  the  energy  exerted  during 

one  stroke,  then  the  line  he  represents  the  volume  A»,  and  the 
abscisaflB  parallel  to  O  Y  represent  values  of 

^ (9.) 

The  quantity  spoken  of  as  the  "weight  of  flmd  employed"  in 
every  case  means,  the  weight  of  fluid  employed  OTice;  and  if  a 
given  weight  of  fluid  (as  often  happens)  is  made  to  act  again  and 
again,  it  is  to  be  held  to  be  equivalent  to  the  same  weight  ftwUi- 
plied  by  the  nrnnher  of  times  that  it  is  employed. 

264.  Bqaation  •f  BBcrgf  »■<  Wmrk. — The  principle  of  the 
equality  of  energy  and  work  (Articles  26,  33)  when  applied  to  "the 
action  of  the  fluid  in  a  heat  engine,  takes  the  following  form : — 

When  the  engine  is  moving  with  cm  uniform  periodical  motion 
(that  is,  when  each  stroke  occupies  an  equal  interval  of  time,  and 
when  the  velocity  of  each  part  of  the  machine  is  the  same  after 
any  number  of  complete  strokes),  the  energy  eocerted  by  the  fluid  on 
the  piston  during  amy  number  of  complete  strokes  is  equal  to  the  work 
performad  by  thepistonin  overcoming  resi^ance  in  the  same  period 

The  most  convenient  method  of  expressing  this  principle  by  a 
formula  is  as  follows: — 

As  in  Articles  9  and  24,  let  all  the  resistances,  useful  and  pre- 
judicial, which  the  engine  has  to  overcome,  be  reduced  to  tJie  piston 
cts  a  driving  point.  For  example,  suppose  that  while  the  piston 
performs  a  stroke^  of  the  length  s,  a  given  part  of  the  mechanism 
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moTes  through  the  distanoe  il^  against  the  resistanoe  R'.  Then  the 
equivalent  reaistauce,  directly  applied  to  the  piston,  is 

8  ' 

and  the  total  resiitanoe  reduced  to  the  pUton,  obtained  by  adding 
together  all  suoh  quantities  as  the  above,  may  be  denoted  as 
follows : — 

R  =  2-R' (1.) 

Now  if  N  be  taken,  as  in  the  last  Article,  to  denote  the  number 
of  strokes  in  a  given  time,  such  as  a  minute,  the  work  performed 
by  the  piston  in  that  time  is 

N«R  =  N-2-«^Il'j (2.) 

and  tins  being  equated  to  the  energy  exerted  by  the  fluid  on  the 
piston  in  the  same  time,  as  given  in  Article  263,  formula  4  and  5, 
gives  for  the  equaHon  of  energy  wid  toork^  the  following : — 

N«R  =  «7F  =  ^-^4? (3.) 

Another  form  of  expression  for  the  same  principle  is  obtained  by 
dividing  both  sides  of  the  above  equation  by  N  «  A,  as  foUows  : — 

Now  the  first  side  of  this  equation  is  the  total  resistance  per  unit 
of  area  of  piston ;  and  the  second  side  is  the  mean  effective  pressure 
of  the  fluid;  so  that  the  principle  expressed  by  it  may  be  stated  as 
follows : — 

In  a  heOit  engine  moving  with  cm  tmiform  periodical  motion,  the 
mean  effective  pressure  qfthe  Jluid  is  equal  to  the  total  resistance  per 
unit  of  area  of  piston. 

The  proper  mode  of  applying  this  principle  to  the  steam  engine 
was  first  pointed  out  by  t'le  Count  de  Pambour  in  his  works  On 
Locomotives,  and  on  the  Tl^eory  of  the  Stea/m  Engine.  It  may  be 
summed  up  as  follows,  leaving  the  details  to  be  explained  further 
on: — 

The  resistance  is  in  general  determined  by  the  nature  of  the 
work  performed  by  the  engine;  so  that  in  most  cases,  R  is  known 
from  data  independent  of  the  action  of  the  fiuid. 

The  resistance  being  a  fixed  quantity,  fixes  the  mean  eflective 
pressure  according  to  equation  4;  in  other  words,  the  action  of  the 
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fluid  adjusts  itself  until  the  mean  effective  pressure  balances  the 
resistance.  The  process  bj  which  that  adjustment  takes  place  may 
be  stated  generally  tiius : — ^if  the  mean  effective  pressure  is  at  first 
greater  than  the  resistance,  the  motion  of  the  engine  is  accelerated  ; 
that  is,  the  number  of  strokes  in  a  given  time  is  increased;  the 
quantity  of  heat  expended  per  stroke  is  diminished;  and  the  mean 
effective  pressure  is  diminished;  and  this  goes  on  until  the  mean 
effective  pressure  exactly  balances  the  resistance.  If  the  mean 
effective  pressure  is  at  first  less  than  the  resistance,  the  motion  of 
the  engine  is  retarded  until  the  same  adjustment  is  effected  by  a 
process  precisely  the  converse  of  that  above  described. 

The  mean  effective  pressure  being  thus  determined,  the  quantities 
XJ,  v^  —  i/j,  and  the  various  values  of  p  and  v,  at  different  parts  of 
the  stroke,  can  be  deduced  from  it  by  principles  to  be  afterwards 
explained,  depending  on  the  nature  of  the  fluid,  and  the  manner  in 
which  its  action  is  regulated  in  the  particular  engine.  Then  from 
equation  6  of  Article  263,  it  appears  that  the  number  of  strokes  in 
a  given  time  can  be  computed  by  the  formula 


As 


(5.) 


265.   BAelMiCf  •€  the  TIhM  in  mm  BleneMlaiT  Heat  BimlBe. — An 

elementaiy  heat  engine  is  one  in  which  the  reception  of  heat  by 
the  fluid  takes  place  wholly  at  oue  absolute  temperature  Tj,  and  its 
rejection  wholly  at  another  absolute  temperature  r^.  Consequently, 
in  such  an  engine,  the  change  between  those  two  limiting  tempera- 
tures must  be  made  entirely  by  compression  and  expansion  of  the 

fluid.  In  fig.  100,  let  A  B  be  part  of  the  iso- 
thermal line  of  r, ,  D  C  part  of  that  of  ro ;  and  let 
A  D  M,  B  C  N,  be  a  pair  of  adiabatic  lines,  cor- 
responding respectively  to  any  two  thermodyna- 
mic functions  ^^  (p^,  and  produced  indefinitely 
towards  X.  Then  will  A  B  C  D  be  the  diagram 
of  an  elementaiy  heat  engine  receiving  heat  at 
the  absolute  temi)erature  rj,  and  rejecting  heat 
at  ro.  The  action  of  such  an  engine,  during  one 
p.    -QQ  stroke,  consists  of  four  operations,  represented 

^'      *  by  the  four  sides  of  the  figure  A  B  C  D,  as 

follows : — 

A  B,  expansion  of  the  fluid  at  the  higher  limit  of  temperature  r^ ; 

B  C,  farther  expansion,  without  reception  or  emission  of  heat^ 
till  the  temperature  fiedls  to  ro ; 

C  D,  compression  of  the  fluid,  at  the  lower  limit  of  tempera- 


ture 


r^t 
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D  Ay  further  oompresaion,  -without  reception  or  emission  of  he&ij, 
till  the  temperature  rises  again  to  ry 

The  heat  received  bj  the  fluid  from  the  furnace,  at  each  strode, 
during  the  process  A  B,  is  r ^  {(p^  —  ^«)  =  Hp  and  is  representedNj^y 
the  indefinitely  produced  area  M  A  B  N.  The  heat  rejected  at 
each  stroke,  during  the  process  C  D,  and  abstracted  by  some  reM- 
gerating  substance  (such  aa  the  jet  of  cold  water  in  the  condenser 
of  a  steam  engine)  is  r^  (0^  —  0^)  —  Hg,  and  is  represented  by  the 
indefinitely-produced  area  M  D  C  N.  The  heat  permanently  trans- 
formed into  mechanical  energy  at  each  stroke  is  represented  by  the 
area  A  B  C  D 

=  Hi-H2  =  (^l-r2)(^»-^.) (1.) 

Consequently  the  efficiency  of  the  engmb  is 

Hi      "•     <!     "•Ti  +  461-2 ^'' 

The  last  equation  expresses  the  law  of  the  effleiency  of  demerUary 
thermodynamic  engineSf  viz. : — that  the  heat  transformed  into  mecha- 
nical energy  is  to  the  whole  heat  received  by  the  Jluid  as  the  range  of 
temperature  is  to  the  abs<dute  temperatwre  ai  which  heat  is  received, 

266.    EAciency  •f  the  FlaM  In  Heat  Baglnes  !■  CteaeraL — Let 

the  closed  line  Aa&Bcc^Abe  the  diagram  of  any  thermodynamic 
engine.     Draw  a  pair  of  adiabatic  lines  A  M,  B  N,  touching  the 
closed  line  in  A  B,  respectively,  and  indefinitely   j 
produced  in  the  direction  of  O  X.    Then  through-    I 
out  the  process  represented  by  the  part  A  a  6  B  of 
the  diagram,  ihe  fluid  is  receiving  heat,    and 
throughout  the  process  is  represented  by  the  part 
Bed  A,  rejecting  heat.     Cut  an  indefinitely  nar- 
row band  from  the  diagram  by  any  pair  of  indefi-  ^    «-.  j^j 
nitely-close  adiabatic  Imes  a  dm,  ben,  correspond-  ^' 

ing  to  the  thermodynamic  functions  (p,  0  +  d0,  respectively ;  and 
let  the  absolute  temperatures  con'esponding  to  the  elements  ab,  cd, 
be  Tj,  rg,  respectively.  Then,  treating  the  band  abed  sls  the  dia- 
gram of  an  elementary  engine,  we  find  (expressing  quantities  of 
heat  in  foot-pounds), 

Heat  received  during  the  process  a  6  =  indefinitely-produoed  area 

mabn^d'H.j^^T^d^; 
Heat  rejected  dtiring  the  process  cd  =  indefinitely-produced  area 

mdcn^d  "H^  ^^2<^^> 
Heat  transformed  into  mechanical  energy  =  area  abodes  d'H.^ 
^dK^T^ir^-r^dip. 
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Conseqiieniljy  whole  Iieat  reoeived  by  the  fluid, 

=  areaMAa6BN  =  Hi= /"^  r^rf^ (1.) 

Whole  he^t  wrjected, 

=  areaMA(j?oBN=Hj=  [*"  r^d0 (2.) 

Heat  tranflfoTmed  into  mechanical  eDecgy, 

=  XJ=aiea  Aa^BcclA^H^  — H3 

^f(p    lO  ^»=  /  (^-^  ^1>=  /J'  (n-'2)^^ (3-) 

Efficiencjr  of  the  engine 

=  »    _^ r     =     _?A /AX 

267.  Hens  Baciae  •f  maxfaaaBi  BAeleaeT- — Betiween  given  limiis 
of  tempemture,  tiie  efficiency  of  a  thermodynamic  engine  is  the 
greatest  possible,  when  the  whole  reception  of  heat  takes  place  at 
the  higher  limit,  and  the  whole  rejection  of  heat  at  the  lower;  that 
is  to  say,  when  the  engine  is  an  dement<»ry  engiTie;  and  the  effi- 
ciency of  the  fluid  in  such  an  engine  is  independent  of  the  nature 
of  the  fluid  employed 

268.  Kent  Bc«nonilB«r,  w  B«g«ttens«r. — To  fdlfil   strictly  the 

above  condition  of  maximum  efficiency  between  given  Hmits  of 
temperature,  the  elevation  of  the  temperature  of  the  fluid  must  be 
performed  whoUy  by  compression,  and  the  depression  of  its  tem- 
perature wholly  by  expansion;  operations  which  are  in  many  cases 
impracticable,  from  the  great  bulk  of  cylinders  which  their  per- 
formance would  require. 

This  difficulty  is  almost  entirely  avoided  by  the  following  process 
for  producing  alternate  elevation  and  depression  of  temperature 
with  a  small  expenditure  of  heat,  invented  about  the  year  1816  by 
the  Rev.  Dr.  Robert  Stirling,  and  subsequently  improved  and 
modified  by  Mr.  James  Stirling,  Captaio  Ericsson,  Mr.  Siemens, 
and  others. 

The  fluid  whose  temperature  is  to  be  lowered  is  passed  through 
the  interstices  of  an  appaiutus  called  an  economizer  or  regeneraior, 
formed  by  a  number  of  thin  plates  of  metal  or  other  solid  conduct- 
ing substance,  or  by  a  network  of  wires,  exposing  a  great  surface 
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within  a  small  space.  The  material  of  the  economizer  becomes 
heated  by  the  cooling  of  the  fluid.  When  the  temperature  of  the 
fluid  is  again  to  be  raised,  it  is  passed  through  the  interstices  of  the 
economizer  in  the  ccmtraiy  direction,  and  the  heat  which  it  had 
previously  given  out  is  in  part  restored  to  it 

It  is  impossible  to  perform  this  process  absolutely  without  waste 
of  heat  In  some  experiments  by  Mr.  Siemens^  on  air^  the  waste 
of  heat  at  each  stroke  appears  to  have  been  about  one-twentieth 
part  of  the  heat  alternately  abstracted  from  and  restored  to  the 
air;  and  in  the  air  engines  of  the  ship  '^Ericsson,'*  aJbout  one- 
tenth. 

269.  iMdiabailc  liiaes. — One  condition  of  the  economical  work- 
ing of  the  economizer  is,  that  the  quantity  of  heat  given  out  by  the 
fluid  during  any  given  stage  of  the  lowering  of 
its  temperature  shall  be  equal  to  the  quantity 
received  by  it  during  the  corresponding  stage  of 
the  raising  of  its  temperature.  This  condition  is 
realized  in  the  following  manner : — 

Let  E  F  be  an  arbitrary  line  representing  the 
mode  of  variation  of  the  pressure  and  volume  of 
the  fluid  during  the  lowering  of  its  temperature.    '      vht  102 
Let  G  H  be  the  corre£^nding  line  for  the  raising  ^^* 

of  the  temperature  of  the  fluid.  Let  K  L,  M  N,  be  any  pair  of 
ibothermal  lines,  intersecting  G  H  in  A  and  D,  and  EF  in  B  and 
0,  respectively.  Let  p^^  ^  ^c,  ^  be  the  thermodynamic  functions 
for  these  four  point&  Then  if,  for  every  possible  pair  of  isothermal 
lines, 

the  lines  E  F  and  G  H  have  the  required  property,  and  are  said  to 
be  iaodiabatic  with  respect  to  es^  other. 

Sectiok  4. — Of  the  Ejffleieney  of  Air  Engines. 

270.  Tkemftl  MAnm  fbr  Air. — ^The  ease  with  which  air  is  obtained 
in  any  quantity,  and  its  safety  from  explosion  at  high  temperatures, 
have  induced  many  inventors  to  devise  engines  in  which  it  is  the 
working  fluid. 

Yery  few,  however,  of  those  engines  have  been  brought  into 
practicJEd  operation,  owing  chiefly  to  the  difficulty  of  obtaining  a 
sufficiently  rapid  convection  of  heat  to  and  from  the  mass  of  air 
employed,  and  to  the  necessity  for  using  a  more  bulky  cylinder 
than  is  required  for  a  steam  engine  of  the  same  power,  and  with 
the  same  maximum  pressure. 

The  ^ciency  of  air  engines  is  here  treated  of  before  that  of 
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steam  engines^  because  of  the  greater  simplicity  of  its  mathematical 
piinciples. 

^In  such  investigations  as  the  present,  air  may  without  sensible 
en*or  be  treated  as  a  perfect  gas. 

£ach  isothermal  line  for  a  perfect  gas  is  a  common  rectangular 
hyperbola^  whose  asymptotes  are  O  X,  O  Y,  its  equations  being 

pv=p^VQ.  - (L) 

For  air,  p^  v^  ~  ro  =  53-15 

foot-pounds  per  degree  of  Fahrenheit. 

Each  ctdiabcUic  line  for  a  perfect  gas  is  a  curve  of  the  hyperbolic 
kind,  having  O  X,  O  Y,  for  asymptotes,  its  equation  being 

f 
pv^  =  ^  =  constant (2.) 

y  for  air  =  1  '408. 
See  Article  251. 

Each  pair  of  isodiahaiic  lines  for  a  perfect  gas  are  so  related  to 
each  other,  that  if  v,  v',  be  the  abscisssB  of  the  points  of  intersection 
of  these  two  lines  respectively,  with  one  and  the  same  isothermal 
line,  the  ratio  i; :  v'  is  a  constant  quantity  for  all  isothermal  lines. 
The  same  is  the  case  with  the  ratio  p :  p'.  It  follows  from  this,  that 
all  straight  lines  of  constant  volume,  parallel  to  O  Y,  are  mutually 
isodiabatic  (which  is  equivalent  to  saying  that  the  specific  heat  at 
constant  volume  is  constant),  and  also  that  all  straight  lines  of 
constant  pi*essure,  parallel  to  O  X,  are  mutually  isodiabatic  (which 
is  equivalent  to  saying  that  the  specific  heat  under  constant  pres- 
sure is  constant).     See  Article  250. 

271.*Tlieraiod7BMntc  Fnncltons  f«r  Air. — ^When   the   tWO  forms 

of  the  thermodynamic  function,  given  respectively  in  Article  246, 
and  in  Article  248,  viz.. 


and 


^  =  ft  hyp  log  r  +  j  —  dv; 
«=(ft  +  ^)hyplogr_/J^rfp; 


are  applied  to  a  perfect  gas,  it  is  to  be  observed  (as  already  stated 
in  Article  251),  that  for  a  substance  in  that  condition, 

dr         T  ^Q        V' 
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dv  _V  _PoVo  .1. 
d^        r  ^0       P' 

and  also,  as  has  been  shown  in  Article  250,  that 

R  — •  xa-^  ^  /  IV        }   n    1^  -^  X1-, .^  y  -iv 

(y-l)ro  •'O  ^       (y-l)'O 

These  Talnes  being  introduced  under  the  signs  of  integration,  give 
the  following  results : — 

^^^o^^:%J  +  hyplog^)+«„,gtant (1.) 

^^y,^'/hyplogr  ^  j^yp  j^g  p^  ^  ^^^^^ ^2.) 

In  these  formxdffi,  the  Talue  assigned  to  the  arbitrary  constant 
introduced  ISj  integration  is  immaterial;  because  the  differences 
between  thermodynamic  functions  have  alone  to  be  considered  in 
any  problem;  and  &om  them  the  arbitrary  constant  disappears. 

The  values  of  the  co-efficients  in  the  above  formulae,  for  air, 
though  they  have  already  been  given  in  Article  251,  may  here,  for 
the  sake  of  convenience,  be  repeated. 


—^  =  2-451 ;  -^  =  3-451 ; 
y  -  1  y  -  1 

?^  =  53-15  foot-lba  per  degree  of  Fahrenheit. 


...(3.) 


...(4.) 


In  using  the  formulsB  1  and  2  with  tables  of  commony  instead  of 
hyperbolic  logarithms,  it  is  to  be  observed  that 

hyp  log  n  =  com  log  n  X  hyp  log  10; 

hyp  log  10  =  2-3026  nearly; 

^^  X  hyp  log  10  =  53-15  x  2-3026  =  123-38 

foot-lbs.  per  degree  of  Fahrenheit. 

^U.  Porfect  Air  Bngtae,  wiOivvt  BegeneraMir. — Fig.  1^0  (Article 
265)  may  be  taken  to  represent  the  diagram  of  the  energy  exerted 
by  one  pound  of  air  during  one  stroke  of  an  engine  of  this  class. 

Let  r^  and  r^  be  the  absolute  temperatures  of  receiving  and 
rejecting  heat  respectively. 

Then  A  B  is  part  of  a  common  hyperbola,  the  isothermal  curve 
of  r^;  and  its  equation  is 
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pv 


^?^'r^^6Z'l6r^ (1.) 


C  D  is  part  of  a  common  hyperbola,  the  iBothermal  curve  of  v^i 
and  its  equation  is 


pv 


^P03  .  r,  =  5315r3 (2.) 


B  C  and  D  A  are  portions  of  adiabatic  curves,  whose  equations 
are  of  the  form  given  in  Article  270,  equation  2. 
Let 

^09   ^bf    ^0  ^*t 

denote  respectively  the  pressures  in  lbs.  on  the  square  foot,  and  the 
volumes  in  cubic  feet,  of  one  lb.  of  air,  corresponding  to  the  four 
angles  of  the  diagram,  A,  B,  C,  D.  Then  the  proportions  of  those 
quantities  are  r^ulated  by  the  following  formulsB : — 

?f  =  l»=?l  =  ^=rj (3.) 

ft      V,      p,       Vt        '  ^   ' 


g=i=(^)*=(?.r <^) 

S=S=(:i)-=a;r « 

In  equation  3,  r  denotes  the  ratio  ofexpcmsvon  and  compression 
of  the  air  at  constant  temperaturef  which  is  arbitrary,  and  is  to  be 
fixed  by  considerations  of  convenience. 

If  a  certain  quantity  of  air  is  confined  within  the  engine,  and 
used  over  and  over  again  to  drive  the  piston,  the  absolute  values  of 
the  pressures  and  volumes  whose  ratios  are  given  in  equations  3, 4, 
and  5,  are  arbitrary  also.  But  if  the  air  is  wholly  or  partly  dis- 
charged at  each  stroke,  and  a  fresh  supply  of  air  taken  in  from  the 
atmosphere,  the  minimum  pressure  p„  maximum  volume  v«  of  one 
lb.  of  air,  and  temperature  of  rejection  of  heat  ^  =  ji?«  v«  -^  53-15, 
are  fixed,  being  those  of  the  external  air.  If  the  temperature  r^  of 
receiving  heat  is  also  fixed,  then  the  pressure  and  volume  p^  t\, 
are  fixed  by  the  formule 

p^=pr[^J     ;t^=^.(-;)    ; (6.) 

so  that  nothing  remains  arbitraiy  except  the  ratio  r,  of  expansion 
and  compression  at  constant  temperature,  which  having  been  fixed 
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according  to  convenience,  fixes  the  other  limits  of  pressure  and 
Yolnme,  viz., 

Pm  =  rp^;  p^=zrp,;  v.=  ^;  t»d=:^* (7.) 

r  T 

^t  ^«i  ^  be  the  thermodynamic  functions  proper  to  the  curves 
A  D,  B  C,  respectively.  Then  according  to  Article  271,  equations 
1,  3,  and  4,  the  difference  of  those  functions  is 


f»-^«  =  ^Oiyplogw^-hyplogt;.) 

t=  53-15  hyp  log  r  f 

ss  122*38  com  log  r  J 


(8.) 


being  a  function  of  the  m^  of  exparuion  ai  consUmt  temperaiwre 
alone. 

Introducing  this  value  into  the  general  equations  of  Article  265, 
we  find  the  following  results : — 

Whcie  expendxtmre  ofhmt  in  foot-pouTida  qf  energy^  per  pouind  of 
air  per  airohe — 

H^  =  rj(^j-  ^.)  =53-15  r^  -  hyp  log  r  =  122-38  r^  •  com  log  r;...(9.) 

Heat  rejected  cmd  abstrctcted  hy  refrigeroibing  ftppa/rcUvs — 

Hj  =  «-2(^4-^.)  =  53-15rj  hyp logr=:  122-38 rj -com logrj...{10.) 

Medkomical  er^idrgy  exerted  on  piston — 

TJ  =  Hi-Hj  =  (rj-r^(^,-^.)  =  5315(ri-r2)hyplogr 

=  122-38  (^-Tj)  com  log  r (11.) 

Efficiency  of  fluid  (as  in  the  general  case) — 

5i  —  *'!  "  ^2  n  o  \ 

IT'^^ ^^^'^ 

If  it  were  possible  to  perform  the  whole  cycle  of  operations  on 
the  ^r  in  one  cylinder,  the  epace  to  be  swept  ^ough  by  the  piston, 
per  pound  of  air  per  stroke,  would  be  the  difference  between  the 
greatest  and  least  volumes  of  a  pound  of  air;  that  is  to  say, 

f.-.'.=*.{i-i(^;y'"}i as.) 
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and  the  mean  effective  preaswre  would  be 


There  may,  on  the  other  hand,  be  a  compressing  pump  as  well 
as  a  toorMng  cylinder,  the  air  being  supplied  to  the  pump  at 
the  pressure  and  volume  p^,  v« ;  compressed  at  the  constant  absolute 
temperature  v-g  to  the  pressure  and  volume  p^  v^ ;  compressed  with 
elevation  of  temperature  ix)  PasV^;  then  tnmsferred  to  the  working 
cylinder,  and  expanded  at  the  constant  absolute  temperature  v-^,  to 
the  pressure  and  volume  p^,  v^;  then  expanded  with  depression  of 
temperature  back  again  to  p„  v^;  and  then  discharged.  In  this 
case  the  compressing  pump  and  working  cylinder  must  be  of  equal 
size ;  and  the  piston  of  each  of  them  must  sweep  simply  through 
the  maximum  volxime 

V, (15.) 

per  pound  of  air  per  stroke,  giving  for  the  mean  effective  pressiure 

J=;>.  (7  -l)hyplogr (    16.) 

When  the  engine  takes  its  periodical  supply  from  the  external 
air,  p^ia  the  atmospheric  pressure. 

It  is  often  convenient  to  express  the  expenditure  qfkecU  in  /oat- 
pounds  per  cubic  /oat  sw^  ihrovjgh;  that  is,  to  state  a  pressure  in 
pounds  on  the  square  foot,  whidi,  acting  on  the  piston,  would 
exert  enei^  equivalent  to  the  heat  expended.  This  is  given  by 
the  formula 

-iorli, (17.) 

as  the  case  may  be. 

The  following  is  a  numerical  example : — 

Data. 
Batio  of  expansion,  r  =  2. 

m 

p^  =  2116*4  lbs.  on  the  square  foot 

Temperatures  on  the  ordinary  scale,  T^  =  650°  F.     T^  =  150**  F- 
Absolute  temperatures, «-^  =  1111*2      r^  =  611*2. 
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Besults. 
-^  =s  15'$5  cubic  feet  per  lb. 


»•  = 


P4 

Then  by  equation  8 — 

Thermodynamic  function  ^  -  ^.  =  122-38  x  '30103  =  36-84. 

By  the  formula  (6) — 

Pf,  =  16656;  v^  =  3-546. 
By  the  formula  (7) — 

|>.  =  2jp,=  33312;  r.  =  |  =  1-773; 

1?^  =  2;?.  =  4232-8;  t;4  =  |  =  7-675; 

By  equations  9^  10,  11 — 

FooUlbk 

^pTrs^k^!'.'!!!!.!!!!.!^^^^^^        x  36-84  =  40,937 

Hj  =  heat  rejected,"......'.'.... 611-2  X  36-84  =  22,517 

XJ  =  energy  exerted  on  piston,....      500  x  36-84  =  18,420 

By  equation  12 — 

Efficiency  of  fluid =  ^  =  . .. , ,  ^  =  0-45 

For  one  cylinder  acting  as  compressing  pump  and   working 
cylinder,  by  formuke  13,  14— 

Space  swept  through  per  lb.  air  per  stroke — 

v,  —  ».  =  13-58  cubic  feet. 
Heat  expended  per  cubic  foot  swept  through — 

,-  e.Q  =  3014  lbs.  on  the  square  foot, 
lo-Oo 

Mean  effectiye  pressure— 

^    Q  =  1356  lbs.  on  the  square  foot  =  9*42  lbs.  on  the  square  inch. 

For  separate  compressing  pump  and  working  cylinder,  by  for- 
mulsB  15, 16 — 
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Space  swept  througli  by  each  piston  per  lb.  air  per  stroke — 

V,  =  15-35  cubic  feet. 
Heat  expended  per  cubic  foot  swept  through — 

,^  Q^-  =  2666  Iba  on  the  square  foot. 

Mean  effective  pressure— 

18420 

-^  -,  as  1200  lbs.  on  the  square  foot  =  8*33  Iba  on  the  square  inch. 

lO'od 

This  last  result  illustrates  one  of  the  practical  difficulties  attend- 
ing the  use  of  air  engines  in  which  the  changes  of  temperature  axe 
to  be  effected  bj  means  of  changes  of  volume,  viz.,  the  smallness  of 
the  mean  effective  pressure  compared  with  the  mazimimi  pressure, 
and  the  consequent  great  bulk  and  strength  required  for  an  engine 
of  a  given  power.  In  the  supposed  example,  the  excess  of  the 
maximum  pressure,  p„  above  l^t  of  the  atmosphere,  is 

33312  -  2116  =  31196  lbs.  on  the  square  foot 
=  216*6  lbs.  on  the  square  inch; 

and  the  strength  of  the  cylinder,  and  of  other  parts  of  the  engine, 
must  be  adapted  to  sustain  this  great  pressure,  of  which  the  mean 
effective  pressure  is  only  about  one  twenty-sixth  part 

The  better  to  illustrate  the  bulk  required  for  the  engine,  on  the 
supposition  of  there  being  a  sepaiate  compressing  pump  and  work- 
ing cylinder,  it  may  be  observed,  that  the  volume  to  be  swept 
through  bv  the  piston  in  its  effective  strokes  per  nUmUe,  to  give  one 
indiccUed  hone-potoery  would  be 

33000      ^^,      ^.   ^   ^ 
1200"  "  ^*  ^^^  ^*' 

273.  Perfect  Air  EMgtaM  with  Beceiieniton,  Ib  Oeacml. — "Fig. 
102,  Article  269,  may  be  taken  to  represent  the  general  case  of  the 
diagram  of  an  engine  of  this  class.  A  B,  D  C,  are  portions  of  two 
iBothermal  lines,  being  common  hyperbolas;  A  D,  B  C,  are  portions 
of  a  pair  of  isodiabatic  lines,  of  any  figure  whatsoever,  but  con- 
nected together  by  the  condition  explained  in  Article  270. 

The  structure  of  a  regenerator,  or  heat  economizer,  has  already 
be^  explained  in  Article  268. 

^The  operations  undergone  by  the  working  mass  of  air  are 
represent^  in  the  diagram  as  foUows ; — 


.i 
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C  D  represents  the  compressioii  of  the  air,  at  the  lower  limit  of 
absolute  temperature  r^,  the  heat  produced  by  the  compressioii 
being  abstracted  by  a  reirigeratiDg  apparatus  of  some  kind. 

D  A  represents  the  series  of  changes  of  pressure  and  volume 
undergone  by  the  air  in  passing  through  the  grating  or  netivork  of 
the  regenerator;  which  having  been  previously  heated,  gives  out 
enough  of  heat  to  the  air  to  raise  it  to  the  higher  limit  of  absolute 
temperature  c^. 

A  B  represents  the  expansion  of  the  air  at  the  absolute  tempera^ 
ture  <% . 

B  O  represents  the  series  of  changes  of  pressure  and  volume 
undergone  by  the  air  in  passing  back  again  through  the  grating  or 
network  of  the  regenerator,  to  the  material  of  which  apparatus  it 
gives  out  so  much  heat  as  to  lower  its  own  absolute  temperature 
back  to  «-£;  and  that  heat  remains  stored  in  the  regenerator  until 
employed  to  raise  the  temperature  of  the  air  at  the  next  stroke. 

By  thus  storing  and  restoring  a  certain  quantity  of  heat,  the 
alternate  lowering  and  raising  of  the  temperature  of  the  air  is 
effected  without  the  expenditure  for  that  purpose  of  any  heat  from 
the  furnace,  except  such  as  is  required  to  supply  the  waste  of  heat 
that  occurs  in  the  regenerator;  that  waste,  according  to  experi- 
ment, being  &om  (yM-UnnJih  to  an/^tvoenivdth  of  the  whole  quantity  of 
heat  required  to  raise  the  temperature  of  the  air  at  each  stroke ; 
which  quantity  of  heat,  fer  'pound  of  air,  has  the  following  value 
in/ooi'pouTuis ;— r 

130'3  (r^^r^zAzf  pd v; (1.) 

in  which  j  pdv  denotes  the  area  between  one  of  the  isodiabatic 
lines  (as  A  D),  and  the  ordinates  let  fall  from  its  ends  perpendicular 

to  O  X ;  and  that  area  is  to  be  <     ,  .      ^,1  according  as  *{  t)  [ 

is  the  farther  from  O  T. 

(For  an  adiabatic  line,  the  expression  1  becomes  =  0). 

in  the  air  engines  which  have  been  used  in  pi-actice,  the  toeig?U 
of  material  in  the  regenerator  appears  to  have  been  about  forty  times 
the  tveight  of  the  air  passed  through  it  at  one  stroke,^ 

The  formulse  for  the  relations  amongst  the  pressures,  volumes, 
and  temperatures,  for  the  expenditure  of  heat  in  expanding  the  air, 
the  energy  exerted  per  lb.  of  air  per  stroke,  and  the  efficiency,  are 
the  same  with  those  in  the  last  Article^  except  that  the  ratio, 

Pd     P*      *%    V.       ^%    ^h  ^   ' 

which  in  an  engine  without  a  regenerator  is  fixed  by  equation  4  of 

2a 
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Article  272^  becomes  arbitrary  in  an  engine  with  a  r^nerator. 
Hence  all  the  equations  of  Article  272  hold  in  the  present  case, 
except  4  and  its  consequences,  viz.,  6,  6,  13,  and  14;  instead  of 
which  we  have  simply  the  relations  given  in  the  fonnula  2  of  tiie 
present  Article. 

The  volume  swept  through  by  the  piston  per  pound  of  air  at  each 
stroke  cannot  be  less  than  the  difference  between  the  greatest  and 
least  volumes  of  the  air,  and  may  be  greater  to  an  extent  depending 
OD,  the  structure  and  mode  of  working  of  the  particular  engine. 

Particular  cases  of  that  structure  and  mode  of  working  will  be 
considered  in  subsequent  Articles;  meanwhile  the  diagrams  of 
energy  of  two  of  the  more  important  cases  are  presented  at  cub 
view  in  fig.  103. 

In  that  figiure,  A  B  A'  F  is  the  isothermal  linC'  of  the  higher 
limit  of  temperature,  and  I^  C  D  C  that  of  the  lower.    A  D,  B  C, 


Fig.  108. 

are  a  pair  of  adiabatic  curves,  so  that  A  B  C  D  is  a  diagram  for  the 
case  already  considered  in  Article  272.  D  A',  C  F,  are  a  pair  of 
straight  lines,  each  corresponding  to  a  constant  pressure;  so  that 
A'  F  C  D  is  the  diagram  of  an  engine  in  which  the  changes  of 
temperature  take  place  at  constant  pressures.  A  jy,  B  (7,  axe  a 
pair  of  straight  lines,  each  oorresponiuBg  to  a  constant  volume;  su 
that  A  B  (jjy  is  the  diagram  of  an  engine  in  which  the  changes  of 
temperature  take  place  at  constant  volumes. 

■■ciMA. — ^To  illustrate  the  structure  <^  enmnes  whose  diagrama 
approziraate  more  or  less  closely  to  A'  F  C  D  in  fig.  103^  a  ttetch 
ox  the  principal  parts  of  Captain  Ericsson's  air  engine  (as  used 
about  the  year  1852)  is  given  in  fig.  104,  which  is  a  vertical  seotioD 
of  a  single  acting  land  engine  of  that  kind. 
B  is  the  woridng  cylinder,  placed  over  the  furnace  H.    Thia 


KBicnos'a  AiB  ENaiHE.  355 

cylinder  condflts  of  two  parts;  the  upper  part,  accamtely  turned, 
in  which  the  pigton  works,  and  the  lower  port,  less  Bccantelr 
made,  and  of  somewhat  larger 
diameter,  in  which  the  air  re- 
ceives  heat  from  the  furnace. 

A.  is  the  piston  of  that  cylin- 
der, conflisting  of  two  parts.  The 
upper  part  is  accurately  fitted, 
and  provided  with  metallic  pack- 
ing, 80  as  to  work  aii>tight  in  the 
upper  part  of  the  cylinder.  The 
lower  part  ia  made  of  the  same 
shape  with  the  lower  part  of  the 
ojdinder,  but  of  lees  dimensiona, 
so  aa  nearly  to  fit  the  cylinder, 
but  without  touching  it  This 
lower  part  is  hollow,  and  ia 
filled  with  brick  dust,  fragments 
of  fire  clay,  or  some  such  slow 

conductor  of  heat.     The  object  of  tliis  ii 

of  heat  to  the  upper  pftrts  of  the  cylinder  and  piston,  and  eapecially 
to  the  packing,  in  order  that  the  bearing  surfaces  of  the  cylinder 
and  packing  may  be  kept  cool.  The  cover  of  the  cylinder' B lias 
holee  in  it  markoi  a,  to  admit  the  external  air  to  the  apace  above 
thejnston.  . 

D  is  Uie  compressing  pump,  being  a  cylinder  standing  on  the 
cover  of  the  working  cylinder.  G  is  the  piston  of  the  compressing 
pump,  connected  witi  the  piston  A  by  three  or  by  four  piston  rods, 
of  which  two  are  shown,  and  marked  d.  The  space  below  the 
piston  D,  and  above  the  piston  A,  forma  one  continuous  cavity, 
commnnicating  freely  with  the  external  air  throng  the  holes  a. 
E  is  the  upper  piston  rod,  by  which  the  pistons  C  and  A  a 
nected  with  the  mechanism.  That  rod  traverses  a  stuffing 
the  cover  of  the  compressing  pumpL 

The  compreaaion  of  the  air  takes  place  in  the  upper  part  of  the 
compressing  pump.  The  air  enters  through  the  aamiasion  clack  e, 
is  next  compressed,  and  is  then  forced  through  the  diacharge  clack  a 
into  a  receiver  or  magazine  of  compressed  air,  F. 

O  is  the  regenerator,  being  a  box  containing  several  layers  of 
wire  gauze,  which  are  traversed  by  the  air  when  it  enters  and  leaves 
the  vorking  cylinder/ 

b  is  the  induction  vsJve,  and /the  eduction  valve,  both  worked 
by  the  mechaniam  of  the  engine.  When  b  is  opened,  air  is  admit- 
ted from  the  receiver  F  through  the  c^enerator  into  the  i^Under, 
and  lifts  the  piston  A.    After  a  portion  of  the  stnike  has  been  per- 


box  in 
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formed,  b  is  shut,  and  the  admission  of  air  cut  off;  the  remaindep 
of  the  stroke  of  the  piston  A  is  performed  by  the  expansion  of  the 
air.  During  the  return  stroke,  the  eduction  velve  f  is  kept  open, 
and  the  air  driven  out  through  the  regenerator,  and  through  the 
exhaust  pipe  g,  into  the  atmosphere. 

^The  ratio  of  the  sizes  of  the  compressing  pump,  and  of  the  work- 
ing cylinder,  ought  to  be  that  of  the  absolute  temperatures  of 
receiving  and  rejecting  heat;  that  is, 

compressing  pump      Tj  .-  . 

working  cylinder       Tj ' "*^  '^ 

As  the  lengths  of  their  strokes  are  the  same,  the  above  ratio  is 
that  of  the  areas  of  their  pistons. 

Heferring  back  to  fig.  103  in  the  last  Article,  the  diagram 
A'  B'  C  D  may  be  taken  to  represent  the  action  of  one  lb.  of  air 
during  one  stroke  in  this  engine,  when  the  conditions  of  maximum 
efficiency  between  given  limits  of  temperature  are  fulfilled.  Pro- 
duce A'  D  to  E,  and  B'C  to  F.  Then  E  D  C  F  is  the  diagrajn  of 
the  compressing  pump,  and  E  A'  B'  F  the  diagram  of  the  working 
cylinder.  F  C  represents  the  admission  of  the  air  from  the  atmo- 
sphere into  the  compressing  pump  at  the  atmospheric  pressure  j9«; 
C  D  its  compression  in  that  pump  at  the  constant  absolute  tem- 
perature Tg,  until  its  pressure  is  raised  to  p^,  the  heat  produced  by 
the  compression  being  dissipated  by  conduction,  or  taken  away  by 
some  refrigerating  apparatus.  Owing  to  the  elevation  of  tempera- 
ture required  in  order  to  cause  this  heat  to  be  given  out  aa  rapidly 
as  it  is  produced,  9^  is  always  higher  than  the  temperature  of  the 
external  air,  but  to  what  extent  is  uncertain. 

D  E  represents  the  expulsion  of  the  air  from  the  compressing 
pump  into  the  receiver. 

E  A',  the  admission  of  the  air  into  the  working  cylinder,  when^ 
by  its  passage  through  the  regenerator,  its  absolute  temperature  is 
raised  to  r^,  and  its  volume  increased  from  v^  to  ««. 

In  order  that  tlie  operations  represented  by  D  E  and  E  A'  may 
be  performed  without  any  sensible  falling  off  in  the  pressure,  the 
engine  ought  to  be  triple,  or  still  better,  quadruple  (like  that  which 
was  tried  in  the  steamer  ''  Ericsson"),  consisting,  in  the  latter  case, 
of  a  set  of  four  cylinders,  each  with  its  own  compressing  pump,  all 
driving  the  same  shaft,  and  communicating  with  the  same  receiver, 
and  making  their  strokes  in  succession  at  intervals  of  a  quarter  of 
a  revolution.  This  arrangement  is  desirable  also  in  order  to  obtain 
steady  motion. 

A'  K  represents  the  expansion  of  the  air  in  the  working  cylinder 
after  its  admission  is  cut  off,  at  the  constant  absolute  temperature 
Tp  until  the  pressure  returns  to  the  atmospheric  pressure.    The  heat 
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required  for  this  expansion  is  supplied  by  the  furnace  through  the 
bottom  of  the  cylinder. 

£'  F  represents  the  £nal  expulsion  of  the  air,  in  the  course  of 
which  it  traverses  the  regenerator  in  the  reverse  direction,  and 
transfers  to  the  wire  gauze  a  quantity  of  heat  which  is  used  at  the 
next  stroke  to  raise  the  temperature  of  the  next  mass  of  air.  ^ 

The  following  are  the  formulae  appropriate  to  this  class  of 
engines: — 

Data. 

r^y  temperature  at  which  heat  is  received  by  the  air  from  the 
furnace,  and  the  air  expanded. 

r^  temperature  at  which  the  air  is  compressed,  and  heat  ab* 
stracted. 

Pa  atmospheric  pressure,  if  the  engine  draws  its  air  directly 
from,  and  discharges  its  air  directly  into  the  atmosphere,  as  in  the 
engine  just  described. 

r,  ratio  of  expansion  at  constant  temperature. 

Eesults, 

all  of  which  have  reference  to  one  stroke  of  one  pound  of  air ^  pres- 
sures in  pounds  on  the  square  foot,  and  volumes  in  cubic  feet — 


Pressures, 


^*  =  ^'^       I (2.) 

P4=p.  =  rp^} 


Volumes,  v«  =  -  * ' 


r-  5315  r, 

r%  v. 

r^  =  -  ;  r.  =  -  =  -^  V* 

r  ^       ^2 


(3.) 


Tharrn^yrutmic  furtction,  as  in  Article  272 —  . 

^ft  -  ^«  =  53-15  hyp  log  r  =  12238  com  log  r (4.) 

Expenditure  ofkecU  in  expanding  the  air,  as  in  Article  272 — 

Hi  =  122-38  rj  com  log  r (5.) 

Heat  reeded  during  tfie  compression  of  the  air — 

Hj  =  122-38  Tg  com  log  r (6.) 

Mechanical  energy ^  as  in  Article  272 — 

U  =  122-38  (rj  -  rg)  com  log  r (7.) 
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Effidoficyf  euppasing  no  heat  toasted,  as  in  Article  272— 

1^='-^' (8.) 

Heat  stored  and  restored  hy  regeneratoVy  in  foot-lbs. — 

K,  (-1  -  r^  =  183-45  (r,  -  ^ (9.) 

If,  according  to  Mr.  Siemen8*s  experiments^  one-twerUieth  of  this 
quantity  of  heat  is  wasted,  the  efficiency  will  be  diminished  to 

H,  +  9-17  (.,  -  r^ (^°-> 

But  from  experiments  made  by  Professor  Norton  on  the  ship 
''  Ericsson,"  it  seems  probable  that  the  waste  in  the  regenerator 
was  more  nearly  one'tenth  than  one-twentieth  of  the  heat  stored  ; 
and  in  that  case  we  have  for  the  diminished  efficiency 

H,  +  18-35  (ri  -  r,) ^^^  ^^ 

Volume  Sficept  ihrough  by  the  piston  A,  per  pound  of  air  per 
stroke — 

=n. (11.) 

Mea/n  ^ective  pressure,  per  unit  of  area  of  the  piston  A — 
5^  =  p.  •  ^  — 2 . hyp  i^,g ^  _  2-3026 p,  •  ^i-^^  com  log  r...  (12.) 
Heal  expendedper  cidnc/oot  swept  throughy  not  including  waste-— 

XT 

— ^  =  p^  hj]p  log  r  =  2-3026  p^  com  log  r. (13.) 

The  same,  with  the  addition  of  the  supposed  waste  from  the 
regenerator — 

=  ;?Y2-3026  com  log  r  + 3-451  m  '^^^~) (U.) 

m  is  the  fraction  which  is  wasted  of  the  whole  heat  stored  by  the 
i-egenerator,  being  from  one-tenth  to  one-twentieth. 

In  the  following  numerical  example,  the  proportion  of  the 
working  cylinder  to  the  compressing  pump,  v^ :  t?„,  and  the  ratio  of 
expansion,  v^  :  v^  ==  r,  are  those  of  the  air  engines  of  the  "Ericsson ;" 
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but  tlie  temperatures  of  receiving  and  rejecting  heat,  and  the 
atmospheric  pressure,  are  merely  assumed  as  probiftbldi  The  waste 
of  heat  in  the  regenerator  is  assumed  at  one-tenth. 

Data, 

T,  =  122°;  rj  =  683*-2; 

T^  =  413*^-6;  r^  =  874*»-8; 

p,  =  2116-4; 

r  =  1-54;  ^  ==  15. 

Results. 
Pre88wrea — 

p^  =  2116-4;  p^  =ip^  =  3259-3. 
Volumeg — 

V,  =  14-65;  v^  (greatest  volume)  =  21-97; 

t'4==9-51;  17.  =  14-27. 

Therrnodyn^wneJuncUon — 

C»  ~  (P.  =  122-38  X  0-1875  =  22-95. 

Foot-Ibfl. 
Laieni  heat  ofexparmoTi, H^  =  874-8  x  22*95  ==  20077 

ffeat  toasted  bff  regenerator, ».. ^k =   5349 

Whole  heat  expended  per  lb.  of  air  per  stroke^ 25i2^ 

Heat  rejected,..^. H2=  583-2  x  22-95      13385 

Mechanical  energy  per  lb.  air  per  stroke — 

TJ  =  291°-6  X  22-95        6692 

Efficiency  of  fluid,  supposing  no  heat  wasted,  \, 

Efficiency  offlvid,  estimating  heat  wasted  as  above— 

6692 
25426  =  ^^^^- 

Mean  tffedvoe  preegwre — 

'  6692 
^    Q^  =  305  Iba  on  the  square  foot  =  2-12  lbs.  on  the  square  inch. 
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The  air  engines  of  the  "  Ericsson  **  had  four  working  cylindei^y 
each  of  14  feet  in  diameter^  so  that  the  joint  area  of  their  pistons 
"was 

154  X  4  =s  616  square  feet. 

The  length  of  stroke  was  6  feet ;  the  number  of  rerolutions  per 
minute  9  j  hence,  according  to  the  above  computation  of  the  mean 
effectiye  pressure^  the  energy  exerted  by  the  fluid  on  the  piston  was 

305  X  616  X  6  X  9  =s  10,145,520  foot-lbs.  per  minute; 
or  307  indicated  horse-power. 

In  Professor  Norton's  report,  the  indicated  horse-power  )  n^^ 
of  those  engines  is  stated  to  have  been J 

Difference, 7 


Volume  to  he  noept  through  hy  the  working  pistons  per  indiccUed 
horse-poufer — 

-oryf-  =  108  cubic  feet  per  minute; 

by  the  compressing  pistons,  72  cubic  feet  per  minute. 

These  results  show  the  excessive  bulk  of  the  air  engines  of  the 
^'Ericsson"  in  proportion  to  their  power;  being  the  chief  obstacle 
to  their  use  for  marine  propulsion. 

According  to  Professor  Norton,  the  quantity  of  fuel  (anthracite) 
consumed  in  those  engines  per  indicated  horse-power  per  hour,  was 

1-87  lb. 

This  gives,  for  the  diUi/  of  one  lb.  of  anthracite, 

1,960,000 


1-87 


=  1,059,000  foot-lbs. 


A  probable  estimate  of  the  theoretical  evaporative  power  of  the 
anthracite  used  is  14  lbs.  of  water  evaporated  from  and  at  21 2*^, 
which  gives  for  the  mechanical  equivalent  of  the  total  heat  of  com- 
bustion of  1  lb.  of  the  fuel 

10,440,000  foot-lbs. 

Hence  the  resuHttrnt  ^fidency  of  the  furnace  and  fluid  appears  to 
have  been 

1,059,000 


10,440,000 


=  01014. 


The  probable  efficiency  of  the  fluid  has  already  been  computed  to 
have  been  0'263;  hence  the  probable  efficiency  of  the  furnace  was 
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0-1014 


0-263 


=  0-4  nearly; 


being  about  equal  to  tbe  lowest  efficiency  of  steam  boiler  furnaces. 
The  beating  surface  in  the  engines  of  the  "  Ericsson  *'  consisted 
simply  of  the  bottoms  of  the  cylinders,  and  amounted  in  round 
numbers  to  about  J 00  square  feet.  The  consumption  of  fuel  per 
hour  was  560  lbs.''  Employing  these  data  in  equation  2  of  Article 
234,  and  making  B  =  ii,  A  =  0*5  (or  taking,  in  the  table  of  m;e 
295,  the  efficiency  corresponding  to  8  -r  F  =  1  '25),  we  find  for  the 
efficiency  of  a  steam  hoUer  furnace  having  the  same  area  of  heating 
surface^  and  burning  fuel  at  the  same  rate^ 

0-71. 

The  difference  between  this  and  0*4  must  be  ascribed  to  the 
great  inferiority  of  air  to  boiling  water,  as  a  medium  for  the  con- 
vection oflicat. 

It  appears  from  the  preceding  calculations,  that  notwithstanding 
the  low  efficiency  of  the  furnace  in  Ericsson's  air  engine,  the  effi- 
ciency of  the  fluid  was  so  great  as  to  give  a  resultant  efficiency 
superior  to  that  of  almost  all  steam  engines  at  the  time  of  the 
experiments  referred  to. 

The  difficulty  arising  from  the  great  bulk  of  the  engine  compared 
with  its  power,  might  be,  and  probably  has  been  already,  obviated 
to  a  certain  extent,  by  making  the  engine  draw  its  supply  of  air 
from,  and  deliver  Ihe  air  from  the  eduction  valve  /  into,  a  second 
receiver  containing  compressed  air  at  a  lower  pressure  than  that  of 
the  air  in  the  receiver  E.  In  this  case,  p^  :=p^  would  denote  the 
pressure  of  the  air  in  the  second  receiver,  exceeding  the  atmo- 
spheric pressure  in  an  arbitrary  ratio ;  ^4  =  j?.  =  r^^  as  before^ 
would  denote  the  pressure  in  the  first  receiver  F;  and  the  mean 
effisctive  pressure  would  be  increased,  and  the  space  to  be  swept 
through  by  the  piston  per  horse-power  per  minute,  and  conse- 
quently the  bulk  of  the  engine,  would  be  diminished,  in  the  ratio 
ofpt  to  the  atmospheric  pressure. 

The  engine,  as  thus  altered,  would  require  to  be  provided  with  a 
small  compressing  feed  pump,  to  draw  from  the  atmosphere  and 
force  into  the  second  receiver  enough  of  air  to  supply  the  loss  by 
leakaga 

A  refrigerator,  consisting  of  tubes  with  a  current  of  cold  water 
forced  through  them,  or  other  suitable  apparatus,  would  be  needed^ 
in  order  to  abstract  from  the  air  passing  from  the  regenerator  to 
the  second  receiver,  the  heat  which  the  regenerator  fails  to  abstract 
from  it,  by  reason  of  the  imperfection  of  its  action ;  being  in  &ctj 
the  waste  heat  of  the  regenerator  already  referred  to. 


n 
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It  might  ako  be  neoessaiy  to  surround  the  compreesmg  pump  D 
with  a  casing  containing  a  current  of  cold  water,  to  abstract  the 
heat  produced  by  the  compression  of  the  air ;  because,  owing  to 
the  diminished  size  of  that  cylinder,  the  abstraction  of  the  heat  by- 
means  of  its  contact  with  the  external  air  might  not  be  sufficienUy 
lapid. 

Some  means  would  have  to  be  adopted  to  augment  the  heating 
surface  exposed  to  the  furnace  by  the  working  cylinder,  withoat 
inconveniently  increasing  the  space  occupied  by  the  engine.     A   ^ 
contrivance  proposed  for  that  purpose  will  be  described  at  the  end 
of  the  next  Article. 

275.   T^mpttmuum  Chuiyed  mt  €•■«■■»  T«l«aM— MMfaig^  ■■«!■« 

^—Napier   ud  IteaklM^  Air  HcMa-^In   fig.    103,  Article  273, 

A  B  C  D*  represents  the  diagram  of  a  perfect  engine  of  the  class 

now  under  consideration.  A  B  represents 
the  expansion  of  the  air  at  the  constant 
absolute  temperature  r^ ;  B  0',  the  lower- 
ing temperature  of  the  air  by  transmission  / 
through  a  regenerator,  at  the  constant 
volume  «(  =  ««;  C  D',  the  compression  of 
the  air,  at  the  constant  absolute  tempen^ 
ture  r^ ;  D'  A,  the  raising  the  temperature 
of  the  air,  at  the  constant  volume  v^  =  v^ 

r 

This  mode  of  regulating  the  operations 
Fi    lOiL  undergone  by  the  air  is  suitable  for  an 

^*  engine  in  which  the  same  individual  mass 

of  air  is  kept  constantly  confined  within  an  enclosed  space  of 
variable  volume :  an  arrangement  &vourable  to  compactness/  aa 
the  air  can  be  used  at  any  pressure  consistent  with  safety.*^  To 
show  the  general  nature  of  the  apparatus  by  means  of  which  the 
air  is  so  treated,  fig.  105  is  a  vertical  section  of  the  principal 
parts  of  the  air  engine  invented  by  Dr.  Bobert  Stirling,  and 
improved  by  Mr.  James  Stirling.  DCABAOD  is  the  air 
receiver,  or  heating  and  cooling  vessel;  G  is  the  cylinder,  with  its 
piston  H.  The  receiver  and  cylinder  communicate  freely  through 
the  nozzle  F,  which  is  at  all  times  open  while  the  engine  works. 

Within  the  receiver  is  an  inner  receiver  or  lining  of  a  similar 
fi[gure,  so  far  as  it  extends,  viz.,  from  B  to  0  C.  The  hemispherical 
bottom  of  this  lining  is  pierced  with  many  small  holes,  and  the 
space  between  it  and  the  bottom  of  the  outer  receiver  is  vacantb 
l^rom  A  A  up  to  C  0,  the  annular  space  between  the  outer  receiver 
and  its  lining  contains  the  regeneiutor;  being  a  grating  composed 
of  a  series  of  thin  vertical  oblong  strips  of  metal  or  glass,  with 
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narrow  passages  between  them.  The  inner  sorface  of  the  cylin- 
drical part  of  the  lining,  from  A  A  np  to  C  C,  is  tamed,  and  the 
plunger  £  moves  verticallj  up  and  down  within  it,  fitting  easily, 
so  as  to  leave  the  least  space  possiUe  without  causing  perceptible 
.friction.  This  plunser  is  hollow,  and  filled  with  brick  dust,  or 
some  such  slow  conductor  of  heat. 

The  space  from  C  C  to  D  D  between  the  barrel  of  the  receiver 
and  the  concave  part  of  its  cover,  and  above  the  upper  edge  of  the 
lining,  contains  the  "  refrigeraiory^  which  consists  of  a  horizontal 
coil  of  fine  copper  tube,  through  which  a  current  of  cold  water  is 
forced  by  a  pump,  not  shown  in  the  figure. 

There  is  an  air  compressing  pump,  not  shown,  which  forces  into 
the  nozzle  F  enough  of  air  to  supply  the  loss  by  leakage. 

The  hemispherical  bottom  A  B  A  of  the  receiver  forms  the  heat* 
ing  surface  which  is  exposed  to  the  furnace. 

The  efiect  of  the  alternate  motion  of  the  plunger  E  up  and  down 
is  to  transfer  a  certain  mass  of  air,  which  may  be  called  the  vxyrhing 
avTy  alternately  to  the  upper  and  lower  end  of  the  receiver,  by 
making  it  pass  up  and  down  through  the  regenerator  between  A  A 
and  0  C.  The  perforated  hemispherical  lining  of  the  bottom  of 
the  receiver  causes  a  diffusion  and  rapid  circulation  of  the  air  as  it 
passes  into  the  lower  end  of  the  receiver,  and  thus  facilitates  the 
convection  of  heat  to  it,  for  the  purpose  of  enabling  it  to  undergo 
the  expansion  represented  by  AB  in  fig.  103;  during  which 
expansion  it  lifts  the  piston  H.  The  descent  of  the  plunger  causes 
the  air  to  return  through  the  regenerator  to  the  upper  end  of  the 
reoeiveT.  It  leaves  the  greater  part  of  the  heat  corresponding  to 
the  range  of  temperature  r^  —  r^  stored  in  the  plates  of  the  regeu' 
erator.  The  remainder  of  that  heat  (being  the  heat  wasted  by  the 
imperfect  action  of  the  regenerator)  is  abstracted  by  the  refrigerator, 
which  also  abstracts  the  neat  produced  by  the  compression  of  the 
air  when  the  piston  H  descenos.  The  heat  stored  in  the  regenera- 
tor serves  to  raise  the  temperature  of  the  air,  when,  by  the  lifting 
of  the  plunger  E,  it  is  sent  back  to  the  lower  end  of  the  receiver. 

The  mechanism  for  moving  the  plunger  E  is  so  adjusted,  that 
the  up  stroke  of  that  plunger  takes  place  when  the  piston  H  is  at 
or  near  the  beginning  of  its  forward  stroke,  and  the  down  stroke  of 
the  plunger  when  the  piston  H  is  at  or  near  the  beginning  of  its 
back  stroke. 

The  diagram  represents  a  single  acting  engine.  In  a  double 
acting  engine,  the  other  end  of  the  cylinder  G  is  connected  with 
another  air  receiver  similar  to  that  shown,  and  the  plungers  of  the 
two  receivers  are  made  to  move  in  opposite  directions  to  each  other. 

Besides  the  vjorking  air,  there  is  obviously  a  mass  of  air  which 
does  not  pass  up  and  down  through  the  regenerator,  but  merely 
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passes  into  and  out  of  the  cylinder  G  and  nozzle  F.  This  mass  of 
air  remains  always  nearly  at  the  lower  absolute  temperature  ^^^ 
and  is  not  the  means  of  transforming  heat  to  mechanical  energy, 
but  merely  of  transmitting  pressure  and  motion  between  the  work- 
ing air  and  the  piston,  ^e  piston  and  cylinder  being  always  cool, 
can  be  lubricated  with  oil  without  the  risk  of  decomposing  it;  and 
the  piston  rod  can  be  made  to  work  through  a  leather  collar.  (For 
details  respecting  this  engine,  see  Proceedings  of  the  InstiMUion  of 
Civil  Engineers,  1854.) 

The  general  theory  of  the  action  of  a  mass  of  elastic  fluid  in  a 
heat  engine  as  a  cushion  between  the  working  fluid  and  the  piston, 
has  alreEuiy  been  given  in  Article  262.  The  application  of  that 
theory  to  the  present  case  is  shown  in  fig.  106. 

Let  A  B  C  D  be  the  real  diagram 
of  one  lb.  of  the  working  mass  of 

air,  so  that  P  B  =  Q  C  =  rj  =  v,  re- 
presents its  greatest  volume  in  cubic 
feet  per  lb.  This  represents  the 
space  below  the  plunger  of  the  re- 
ceiver when  it  is  at  the  top  of  its 
stroke.  Add  a  space  equal  to  the 
volume  of  the  air  contained  in  the 
^'  ^^^'  port  F,  in  the  clearance  below  the 

piston  H,  in  the  spaces  between  the  coils  of  the  refrigerating  tube, 
and  in  those  of  the  upper  half  of  the  regenerator;  the  sum  will  be 
the  whole  space  filled  with  air  when  the  piston  H  is  at  the  end  of 
its  back  stroke  and  beginning  of  its  forward  stroke.     Through  A 

draw  N I  parallel  to  OX  to  represent  that  space;  then  A I  repre- 
sents the  volume  of  the  cushion  air  when  it  is  under  the  greatest 

pressure.  Make  N  E  =  A  I,  and  make  E  F  H  G  an  isothermal 
curve;  that  is,  a  common  hyperbola,  the  product  of  whose  rectan- 
gular co-ordinates  ONxNE,OPxPFy  kc,  is  constant  Draw 
P  B  F,  RPH,  Q  0  G,  parallel  to  0  X,  and  make  WK  =  PT, 

DTS  =  R  H,  0  L  =  QG;  then  K,  L,  M,  and  the  point  I  formerly 
found,  will  be  the  comers  of  the  actual  dictgram  of  the  cylinder; 
and  any  number  of  intermediate  points  in  that  diagram  can  be 
found  in  a  similar  manner.  The  volume  to  be  sufept  through  by  the 
pishn  per  pound  of  air  per  stroke  is  represented  by 

gT-iTL 

The  ratio  of  the  weight  of  the  cushion  air  to  the  weight  of  the 
working  air,  being  that  of  the  volumes  of  those  masses  of  air  at  the 
same  temperature,  is 

QG-J-QC. 
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The  algebraical  expression  of  these  principles  will  be  given  after 
the  formul»  relating  to  the  efficiency  of  the  fluid. 

*'^rhe  actual  mdicator  diagram  described  by  Stu:ling*s  air  engine 
was  an  oval,  resembling  the  figure  I  K  L  M  with  the  comers 
rounded  off:  This  must  be  ascribed  partly  to  the  fact,  that  the 
operations  actually  performed  on  the  working  air,  are  only  approxi- 
mately represented  by  the  figure  A  B  C  D,  the  heating  and  cooling 
not  taking  place  exactly  at  constant  volumes,  nor  the  expansion 
and  compression  exactly  at  constant  temperatures,  and  partly  to 
the  inertia  of  the  piston  and  other  moving  parts  of  the  indicator. 

The  following  are  the  formulae  appropriate  to  the  class  of  engine 
now  under  consideration : — 

Data. 

«-.,  absolute  temperatuve  of  receiving  heat,  and  expanding  the 
WorKing  air. 

Tf,  absolute  temperature  of  compressing  the  wo^rking  air,  and 
rejecting  heat. 

Ptf,  greatest  p^ressure, 

r,  ratio  of  expansion. 

9,  ratio  of  volume  of  clearance  and  passages  to  greatest  volume 
of  working  air. 

In  fig.  106,  |i  =  1  +  y. 

Results, 
per  lb.  of  working  air  per  stroke — 


r 


r 


.(L) 


Vohumea  of  one  Jh,  ofioorJeing  air — 

5315  r 

«.  =  1?^  = *  j  V^  =:t7,  ssrV. •••••.  (J.) 

P* 

TJiermodynamic  functum — 

^^  -  ^.  =r  5315  hyp  log  r  =  122-38  com  log  r (3.) 

Expendiiwre  of  haul  in  expanding  the  air — 

Hi  =  122-38  «-i  com  log  r (4.) 
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Wasie  heat  qfregenarator — 

mK,(^-r^ (5.) 

(w  =  from  iV  to  ,V  1  K,  =  130-3). 

HecU  reeded  dwnng  the  compression  of  the  air — 

Hj  =  122-38  •  Tg  •  com  log  r. (6.) 

Mechrniical  eMrgy — 

U=  122-38  (ri-rj)comlogr (7.) 

Efficiency y  if  m  =:  iV  nearly — 

U 


Hi  +  l3K-r,y 


(8.) 


The  following  formulsB  have  reference  to  the  yolame  of  the 
cushion  air,  and  of  the  whole  air,  working  air  and  cushion  air 
together,  per  lb.  of  working  air;  and  the  small  letters  affixed  to  the 
letter  v  i-efer  to  the  points  marked  with  the  corresponding  capital 
letters  in  fig.  106 : — 


Least  total  volume  of  air — 

«,  =  (!  + S')^,.. 

VoUi/mes  of  cushion  air — 

v,  =  v,-v.=:t?.[(l  +  y)r— 1]; 
Vf^rv.i 

v,^''i,v,^r"l  v.^^^v.{{l+q)r^l\. 


(9.) 


(10.)    ^ 


(11.) 


Total  volumes — 

v*  =  n  +  tV;  v^=iv^  +  v„; 

=..{(l+,)r-^-^+l}. 

Eatio  of  cushion  air  to  working  air — 

J  =  l;((l  +  ,)r-l} (12. 

Voltmie  sw^  through  by  the  piston  per  lb.  of  air  per  stroke — 
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r.-r.  =  ..((r-l)^;+,(ri-l)} (13.) 

Mean  effective  pre$ini/re — 


U 

(1^.) 


The  quantities  taken  as  daia  in  the  preceding  set  of  formnlsB  are 
those  which  would  probably  be  given  for  a  proposed  engine.  In 
the  case  of  an  existing  engine,  and  sometimes  in  the  case  of  a  pro- 
posed engine  also,  the  ratio  of  expansion  r  may  at  first  be  unknown ; 
and  instead  of  it  these  may  be  given,  the  proportion  of  the  space 
swept  through  by  the  piston  to  the  space  swept  through  by  the 
plunger,  viz., 

In  this  case,  the  following  formula,  deduced  from  equation  13, 
serves  to  determine  the  ratio  of  expansion : — 

'=rT-,{:i(=^'+0+'}> <"•) 

which  having  been  found,  all  the  formulse  can  be  used  as  already 
riven. 

*^In  the  following  numerical  example,  the  data  are  taken  from  the 
account  by  Mr.  James  Stirling,  in  tibe  Froeeedinge  of  the  InstittUian 
of  Civil  Engineers,  for  1845,  of  an  air  engine  which  worked  for 
several  years  at  the  Dimdee  foundry : — 

Data. 

Ti  =  650«i  Tj^  =  llir-2. 

Tj  =  150^  rj  =  611-2. 

p.  =:  240  X  144  ==  34,d60. 

q,  roughly  estimated  at  0*05. 

Vt-Vi_l 

Results. 

r=  f^ {o-55  (0-5  +  0-05)  +  1)3=  1-24. 

p»  =:  27870;  p,  =  15330;  p^  =  19000. 


/ 
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ii.  =  r4  =  l-709;  Vj  =  r,  =  2119. 
f» - 1>.  =  122-38  X  009517  =  11-647. 

Latent  heat  of  expansion, Hj  =  11-647  x  1111-2  =  12942 

Waste  heat  of  regenerator, 13x500=   6500 

Whole  heat  expended  per  lb.  of  air  per  stroke, 19442 

Injected  heat, H,  =  11647  x  611-2        7119 

Mechanij:^  energy  per  lb.  air  per  stroke— 

U=:  11-647x500=  5823 

5823 
Efficierusy  qffivid-^         T9II3  ^  ^'^' 

ft 

Volume  swept  by  piston  per  lb.  of  air  per  stroke^ 

V|-i;<  =  2-119  ^  2  =9 1-06  cubic  feet. 

Mean  effective  pressure — 

TJ  5823       e,«^„ 

=:  TKiT  ^  5437  lbs.  on  the  square  foot 

Vi—Vi        1  -06  * 

^  37*75  lbs.  on  the  square  inch. 

The  engine  to  which  these  calculations  refer  was  double  acting, 
with  a  cyiindler  of  16  inches  diameter,  and  4  feet  length  of  strol^e, 
making  28  revolutions  per  minute. 

Hence,        area  of  piston  =^  200  square  inches ;  and 

Energy  exerted  by  air  on  piston  per  jninute,  as  found  by  calcula- 
tion— 

=  37-75  x  200  X  4  X  28  X  2  =  1,691,200  foot-lbs. 

The  work  actually  performed  agaii^t  a  friction 

brake  dynamometer  per  minute  was, 1,500,000 

And  the  work  performed  against  the  friction  of 
the  engine  when  unloaded,  having  been  found 
to  be  one-ninth  of  the  useful  work,  or. 166,667 

The  energy  exerted  by  the  air  on  the  piston  per 
minute  is  found  from  the  experiinents  to  have 
been 1,666,667 

The  difference  between  theory  and  experiment,....  24>533 

is  practically  unimj)ortant. 
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The  work  expended  on  the  friction  of  the  engine  is  estimated  at 
one-tenth  of  the  whole  energy  exerted  by  the  air;  because  it  was 
found  that  when  the  receivers  were  charged  with  air  at  about  one- 
tenth  of  the  ordinary  working  density,  the  power  of  the  engine  was 
just  sufficient  to  enable  it  to  move  unloaded. 

The  following  is  a  comparison  between  theory  and  experiment, 
as  to  the  quantity  of  heat  abstracted  by  the  refrigerating  appara- 
tus:— 

By  theory,  the  efficiency  of  the  fluid  in  the  engine  is  found  to 
have  been  0*3;  that  is,  three-tenths  of  the  whole  heat  received  by 
the  fluid  were  converted  into  mechanical  energy,  leaving  seven- 
tenths  to  be  abstracted  by  the  refrigerator.  Therefore,  the  heat 
abstracted  by  the  refrigerator  exceeded  the  heat  converted  into 
mechanical  energy  in  the  ratio  of  7  to  3.  The  mechanical  energy 
exerted  by  the  fluid  was  1,691,200  foot-lbs.  per  minute.  Therefore 
the  heat  abstracted  by  the  refrigerator  per  minute  was 

1^691,200  X  -=  3,946,000  foot-lbs. 
3 

Mr.  Stirling  states,  that  the  quantity  of 
water  passed  through  the  refrigerator 
was  4  cubic  feet;  l£at  is,  250  lb&  per 
minute,  and  that  its  temperature  was 
raised  from  16°  to  18°  by  the  heat  which 
it  abstracted.  Take  17°  as  the  average 
elevation  of  its  temperature;  then^  as  the 
dynamical  specific  heat  of  water  is  772 
foot-lbs.,  we  have,  for  the  heat  abstracted 
by  this  quantity  of  water^  250  xi7x7223=  3,281,000      „ 

Difference 665,000 

or  about  one-sixth  of  the  greater  quantity. 

This  difference  may  be  partly  accounted  for  by  the  fact,  that  part 
of  the  heat  abstracted  from  the  working  air  must  have  been  con- 
ducted through  the  covers  and  the  upper  portions  of  the  sides  of 
the  receivers  to  the  external  air,  without  affecting  the  water  in  the 
coils  of  tube.  It  is  possible,  also,  that  the  waste  of  heat  through 
imperfect  action  of  the  regenerator  may  have  been  over-estimated 
in  the  theoretical  calcidation. 

The  energy  exerted  by  the  fluid  in  an  hour  was 

1,666,667  X  60  =  100,000,000  foot-lbs. 

The  fuel  consumed  in  12  hours  was  1000  lbs.,  or  83-3  lbs.  per 
hour,  so  that  the  iiidicaled  dtUy  of  one  lb.  of  coal  was 

2b 
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=  1,200,000 


Mr.  Stirling  considers  the  coal  employed  to  h&ve  been  of  about 
ikn^fovrtk*  of  the  eTaporative  power  of  Newcastle  coal  Assiitn- 
ing,  therefore,  the  total  heat  of  combustion  of  one  lb.  of  the  coal  to 
have  been 

9,000,000  foot-lbs., 

ve  find  for  the  retuUant  efficiency  of  the  fumaoe  aud  fluid, 

1,200,000      -  ,,„ 


The  effidency  of  the  fluid  having  been  0-3,  it  appears  that  tht! 
effideney  qfthefwrrtac»  was 


The  heating  sur&ce  was  about  15  square  feet^  In  a  steam  boiler 
furnace,  bumiog  the  same  qusuti^  of  fuel,  this  would  have  given 
an  efSciencT  of  about 

0-61. 

therefore,  the  efficiency  of  the  furnace 

nearly  to  that  of  a  steam  boiler  furnace,  than  in 

Ericsson's  engine,  owing  pro- 

I         11  bably  to  the  greater  denuty  <>f 

I         11  the  ur,  and  its  more  rapid  cir- 

I II"  culation  over  the  bottom  of  tBe 

■  receiver. 

With  a  view  to  increasing  the 
efficient^  of  air  eogines  by  ob- 
taining an  extensive  heating 
surface,  without  inconveniently 
enlarging  theirbulk,  Mr.  James 
B.  Napier,  aud  the  Author  of 
this  work,  have  proposed  the  , 


heating  apparatus  shown  in  fi^' 
107.  'That  fiiiure  reoresentfl 


That  figure  represents 

the  bottom  of  a  cylindrical  air 

-■  receiver,   consisting  of  a  flat 

'  tube-plate,  from  which  sevei-al 

tubes,  open  at  the  upper  end, 

B'  lOT-  unJ  closed  at  the  lowec  ecd, 

descend  into  a  flame  chamber.     P  is  the  lower  end  of  a  plunger, 
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corresponding  to  that  marked  E  in  ^g.  105.  In  fig.  107,  the 
r^enerator  occupies  a  cylindrical  hole  in  the  centre  of  that 
plunger;  but  it  might,  if  convenient,  occupy  an  annular  space 
sujit>unding  the  plunger;  as  in  fig.  105. 

^  S  is  a  second,  or  lower  plunger,  consisting  of  a  perforated  plate, 
from  which  cylindrical  rods  descend  into  the  tubes,  and  nearly  fit 
them.  When  the  lower  pltmger  is  depressed,  the  rods  nearly  fill 
the  tubes,  and  the  heat  transmitted  from  the  furnace  accumulates 
in  the  metal  of  the  tubes  and  rods.  When  the  lower  plunger  is 
raised,  part  of  the  air  descends  into  the  tubes,  and  is  heated  by 
contact  with  them  and  with  the  rods,  and  part  remains  in  the  large 
cylindrical  part  of  the  receiver,  and  is  heated  by  contact  with  the 
upper  ends  of  the  rods.  This  apparatus  has  been  found  to  heat  the 
air  rapidly;  but  its  efficiency  has  not  yet  been  ascertained  by  any 
exact  experiment. 

276.  Seat  Becehred  ud  R^ected  at  €«n«teBt  Pr<— rci  J— lc'» 
Baslae. — ^In  a  paper  by  Mr.  Joule,  with  a  supplement  by  Professor 
William  Thomson,  in  the  FhiloaophiccU  Tra/nsctctions  for  1851,  it  is 
proposed  to  use  an  air  engine  in  which  the  regenerator  and  refri- 
gerator are  dispensed  with;  so  that  the  air  shall  receive  and  reject 
heat,  not  at  a  pair  of  constant  temperatures,  but  at  a  pair  of  con- 
stant pressure& 

This  proposed  engine  would  consist  essentially  of  three  parts — ^a 
compressing  pump,  a  heating  vessel  (being  a  set  of  tubes  traversing 
a  furnace),  and  a  working  cylinder.  The  compressing  pump 
and  working  <^linder  wo^d  be  clothed  with  non-conducting 
materiak 

The  compressing  pump  would  draw  air  from  the  atmosphere, 
compress  it  in  a  certain  proportion,  and  force  it  into  one  end  of 
the  heating  vessel,  at  a  temperature  elevated  above  the  atmospheric 
temperature  to  an  extent  corresponding  to  the  compression.  In 
the  heating  vessel,  the  air  would  have  its  temperature  further 
raised,  and  its  volume  expanded,  at  constant  pressure,  by  the  heat 
received  from  the  furnace.  From  the  farther  end  of  the  heating 
vessel,  the  air  would  pass  through  an  induction  valve  into  the 
working  cylinder,  driving  the  piston  through  a  certain  part  of  a 
stroke.  The  valve  being  closed,  and  the  admission  of  air  cut  ofif, 
the  piston  woidd  be  driven  through  the  remainder  of  its  stroke  by 
the  expansion  of  the  air  down  to  the  atmospheric  pressure;  and 
during  that  expansion,  the  temperature  would  fall  to  a  certain 
extent.  The  air  would  then  be  discharged  into  the  atmosphere 
at  a  temperature  exceeding  the  atmospheric  temperature,  the 
heat  due  to  the  excess  of  temperature  being  rejected  along  with 
the  air. 

In  fig.  108,  A  B  0  D  A  represents  the  diagram  of  energy  of  such 
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an  engine,  being  found  by  taking  away  E  A  D  F  E,  the  diagram 

of  the  compressing  pump,  from  E  £  C  E  E,  the  diagram  of  the 

working  cylinder. 

The  straight  line  F  D  represents  the  volume  v^  of  one  lb.  c^  air, 

drawn  from  the  atmosphere,  at  the  atmospheric  pressure  p^  and 

absolute  temperature  r^ 

D  A,  a  portion  of  an  adiabatic 
curve,  represents  the  compres- 
sion of  that  air,  until  it  attains 
the  pressure,  volume,  and  tem- 
perature, j9.,  v„  T^ 

The  straight  line  E  A  repre- 
sents the  volume  v^  of  the  com- 
pressed air,  as  forced  into  the 
heating  vessel 


o 


Fig.  108. 


The  straight  line  E  B  represents  the  volume  v^  of  tiiat  air  aiter 
it  has  traversed  the  heating  vessel,  and  as  it  enters  the  working 
cylinder  under  the  constant  pressure  p«,  and  at  the  highest  absolute 
temperature  r^ 

£  0,  a  portion  of  an  adiabatic  curve,  meeting  ike  straight  line 
F  D  C  in  C,  represents  the  expansion  of  the  air  to  the  volume  v„ 
at  which  it  returns  to  the  atmospheric  pressure  p«  =Pd>  ^^'^  ^blUs  to 
a  certain  temperature  r^ 

C  F  represents  v„  the  volume  of  the  air  when  finally  expelled 
into  the  atmosphere. 

The  heat  received  by  each  pound  of  air  is  represented  by  the 
area  between  A  B,  and  the  indefinitely  prolonged  adiabatic  curves 
ADM,BCN. 

The  heat  rejected  with  each  pound  of  the  air  when  discharged  is 
represented  by  the  area  between  D  C  and  the  curves  D  M,  0  N. 

The  energy  exerted  by  each  pound  of  air  is  represented  by  the 
area  A  BCD. 

The  volume  swept  through  by  the  piston  of  the  working  cylinder 

per  pound  of  air  is  F  C  =r  v« :  the  volume  swept  through  hy  the 
piston  of  the  pump  is  F  D  =  v^. 

The  following  are  the  formuliB  proper  to  this  kind  of  engine : — 


Data. 

Atmospheric  pressure  and  absolute  temperature,  p^  r^ 
Batio  of  compression  and  expansion,  n 
Highest  absolute  temperature,  r^ 
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per  pound  of  air. 
Absolute  temperatures — 


Results, 


T^  =  T^ r»' " ^  =  T^  ****:  T  =  — ^. 


Preseurea — 


ro^umav — 


Pm  =Ph  =P4  ^=Pd  r'*^;  P*  =P4' 


(1.) 

(a.) 


5315  u 

«<= ^; 

Pd 


T^r 


V.  =  rV*=rVrf* 


APr^WO 


.(3.) 


^ea<  rooemc^^ — 


Hi  =  183-45  (n  -  r.)  =  183-45  (n  -  ^^  f^ (4.) 

ff ecu  rejected — 

H,  =  183-45  (r. -  ,,)  =  183-45  (^-  .,)  =^ ...  (6.) 

Energt/  exerted — 

u = Hi -H,= 183-45 {  n  {^-;m)-'*{^-^)} 

=  Hx(i-^); 


(6.) 


Efficiency  of  fluid — 
Hi 


,   — ^"r«^" 


(7.) 


Mean  effective  preseure — 

-  =  3-451^^(7^-1)  (1  -pr^) (8.) 

The  following  is  a  numerical  example,  which,  however,  is  ima- 
ginary, as  no  experiments  have  been  made  on  engines  of  the  kind 
now  considered : — 
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Data. 
jP4  =  2116-4;  T4  =  50\-.^4  =  5ir-2; 

r  =  2; 
T,=  56r-2.-.r,=  1022*-4. 

Rbsuias. 

f^  =  1-327;  ^  =  0-7537;  ^  =  |. 

r.  =  678''-4  .•.!.=  217*»-2;  r.  =  770-6  .•.!,==  309*^-4. 

p.  =p,  =  2-654  X  2116-4  =  5617;  p,  =p^  =  2116-4. 

«4=  12-84;  17.  =  6-42;  «*=:9-68;  v,  =  19-35; 

Hj  =  183-45  X  344°  =  63107 

H2  =  183-45  X  259-4  =  47587 


U  =  183-45  X  84-6      15520 
Efficiency  of  fluid,         ^|^  =  0-246. 
Mean  effective  pressure — 

-Q  Q>  =  802  Iba.  on  the  square  foot  =  5-57  lbs.  on  the  square  incL 

If  an  engine  of  this  class  were  made  to  work  up  to  a  high  tem- 
perature, it  would  be  neoessaiy  to  keep  the  packing  of  the  piston 
cool  by  some  such  means  as  making  the  lower  part  of  the  piston, 
as  in  Ericsson's  engine,  hang  considerably  below  the  packing  ring, 
its  interior  being  hoUow,  and  filled  with  a  slowly  conducting 
material 

277.  Famacc-Oaa  Eaftees  —  Caylcr^i  — Ctovdon'to— Arralcr  de  la 
Orce*a. — The  greater  part  of  the  waste  of  heat  from  the  furnace 
might  be  prevented  if  it  were  practicable  to  drive  the  piston  of  an 
engine  directly  by  means  of  the  hot  gaseous  products  of  combus- 
tion. An  engine  of  this  kind  was  made  and  worked  experimentally 
by  Sir  Greorge  Cayley.  It  consists  essentially  of  the  same  parts 
with  the  air  engine  described  "in  the  preceding  Article^  except  that 
in  the  furnace  gas  engine,  the  heating  vessel  and  the  furnace  are 
one;  that  is  to  say,  the  compressing  pump  draws  air  from  the 
atmosphere,  compresses  it,  and  forces  it  into  a  strong  air-tight 
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fumace,  where  its  oxygen  combines  with  the  fuel;  then  the  mixed 
hot  gas  produced  by  the  combustion  is  admitted  into  the  working 
cylinder^  where  it  drives  the  piston  through  part  of  its  stroke  at 
full  pressure,  and  through  the  remainder  by  expansion,  until  it 
falls  to  the  atmospheric  pressure,  and  is  discharged.  The  fiimaoe 
is  fed  through  a  double  valve,  which  is  so  constructed,  that  fuel  can 
be  introduced  through  it  without  permitting  the  escape  of  more 
than  a  very  small  quantity  of  the  compressed  air. 

The  theoretical  diagram  of  such  an  engine,  and  the  formulae 
applicable  to  it,  are  exactly  similar  to  those  given  in  Article  276, 
except  that  the  furnace  gas  is  somewhat  denser  than  air.  This 
difference  may  be  allowed  for  by  conceiving,  that  all  the  formuLe, 
instead  of  having  reference  to  iyiM  pound  of  the  gas,  have  reference 
to  80  much  o/tfte  gas  eta  is  produced  by  supplying  (/m  powid  of  air 
tojhe/umace. 

The  cylinder,  piston,  and  valves  of  this  engine,  were  found  to  be 
so  rapidly  destroyed  by  the  intense  heat,  and  the  dust  from  the 
fuel,  that  no  attempt  was  made  to  bring  it  into  general  practical  use. 

An  engine  on  nearly  the  same  principle  was  invented  by  Mr. 
Alexander  Gh)rdon. 

Dr.  Avenier  de  la  Or6e  has  proposed  a  kind  of  fumace-gas  engine 
in  which,  so  far  as  it  can  be  judged  of  by  mere  description,  without 
experiment,  the  difficulties  arising  from  the  dust  and  heat  may 
very  probably  be  overcome;  and  the  only  objection  will  be  that 
common  to  all  air  engines  which  draw  a  cylinderful  of  air  from 
the  atmosphere  at  each  stroke,  viz.,  the  greatness  of  their  bulk  in 
proportion  to  their  power}' but  it  would  be  unjustifiable  to  publish 
any  details  respecting  this  invention,  imtU  after  the  inventor  shall 
himself  have  published  an  account  of  it. 

Section  5, — O/tks  Efficiency  of  the  Fluid  m  Steam  Engines. 

278.  TheM^cal  IMagraHis  mf  Sicwm   ■■gfaM*  la  OencnL — The 

sketches  which  have  already  been  given  in  fig.  17,  page  48,  and  in 
fig.  99,  page  337,  illustrate  the  general  character  of  the  diagrams 
which  indicate  the  energy  exerted  by  the  steam  in  the  cylinders  of 
steam  engines. 

The  curves  actually  described  on  the  indicator  cards  of  these 
engines  present  so  many  differences  as  to  the  mode  in  which  the 
pressure  and  volume  of  the  steam  vaiy  during  its  action  on  the 
piston,  that  their  figures  cannot  be  expressed  exactly  by  any  general 
system  of  mathematical  formulae ;  especially  because  in  the  present 
state  of  our  knowledge,  it  is  impossible  accurately  to  separate  those 
irregularities  in  diagrams  which  arise  from  real  fluctuations  in  the 
X)ressure  of  the  steam,  from  those  which  arise  from  the  friction  and 
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inertia  of  the  moving  parta  of  the  indicator.  Some  of  thoee  irr^n- 
laiities  will  be  more  particularly  described  in  a  subaeqneDt 
Article. 

In  order  that  it  maj  be  poeaible  to  compute  from  theoretical 
principles  the  power  uid  efficiency  of  the  fluid  in  steam  engines, 
a  figure  is  asmmed  for  the  diagram,  approximating  to  the  real 
figure,  but  more  simple  (see  fig.  109).  In  that  figure,  AB  repre- 
sents the  volume  of  a  certain  mass  of  steam,  when  admitted  into 
the  cylinder,  so  as  to  drive  the  piston  through  a  space  equal  to  that 
volume.  The  ji^it  aesuTnplum  hj  which,  the  diagram  is  simplified 
is,  that  the  pressure  of  the  et«&m  remains  constant  during  its 
admismon,  bo  that  A  B  is  a  straight 
line  parallel  to  0  X,  and  the  constant 
pressure  is  represented  by  O  A  =  6B. 
The  curve  B  G  represents  the  ex- 
^  pansion  of  the  steam  after  its  admis- 

^^-..^  (.      sion  is  cut  ofil     In  actual  diagrams, 

1  this  curve  presents  a  great  variety  of 
figures,   depending    upon    the   com- 

a^  muoication  of  heat  to  and  from  the 

i_    .Q.  steam,  and  other  causes,  and  almost 

'  always  contains  undulations,  which 

probably  arise  partly  from  vibrations  in  the  mass  of  steam  itself, 
and  partly  from  oscillations  due  to  the  inertia  of  the  indicator 
piston.  The  second  asgufnption  consists  in  assigning  to  the  curv« 
B  C  one  or  other  of  two  definite  figures,  according  to  the  fallowing 
suppositions ; — 

L  Wlien  the  cylinder  is  either  exposed,  or  simply  cased  in 
slowly  conducting  materials,  such  as  felt  and  wood,  the  steam  is 
assumed  to  expand  without  receiving  or  giving  out  heat;  so  that 
B  C  LB  an  wMaba^  cmve,  whose  form  will  be  explained  in  Article 
281. 

II.  When  between  the  slow  conducting  casing  and  the  cylinder, 
there  is  an  iron  ca^g  or  outer  cylinder  tilled  the  "  steam  jacket," 
supplied  with  steam  &om  the  boOer,  it  is  assumed,  that  the  heat 
communicated  by  means  of  that  jacket  to  the  steam  expanding  in 
the  cylinder,  is  just  sufficient  to  prevent  any  practically  appreciable 
part  of  it  from  becoming  liquid ;  so  that  B  C  is  part  of  a  curve 
whose  co-ordinates  represent  the  pressures  and  the  volumes  of  a 
given  weight  of  steam  of  saturation. 

These  two  suppositions  have  reference  to  engines  in  which  the 
steam  is  not  "  superheated ;"  that  is,  raised  to  a  temperature  above 
the  boiling  point  corresponding  to  its  pressure.  The  action  of 
superheated  steam  will  be  considered  in  the  nest  section. 
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The  ifwrd  asaumptUm  is,  that  the  steam  is  exhaosted,  or  dis- 
charged from  the  cylinder  during  the  return  stroke,  at  a  constant 
pressure;  so  that  the  lower  side  E  F  of  the  diagram  is  a  straight 
line  parallel  to  O  X;  and  the  constant  hack  preaaure  is  represented 
by  O  E  =  H  £,  which  may  be  equal  to,  or  less  than  the  pressure 

at  the  end  of  the  expansion  H  C.  (It  would  be  possible,  also,  to 
make  the  back  pressure  greater  than  the  pressure  at  the  end  of  the 
expansion;  but  this  never  occurs  in  engines  that  are  well  con- 
structed and  worked.)  The  third  assumption  involves  also  the 
assumption,  that  the  fall  of  pressure,  if  any,  at  the  end  of  the 

stroke  (represented  by  C  £),  takes  place  suddenly. 

The  value  taken  for  the  assumed  constant  back  pressure  ou^t 
of  course  to  be  equal  to  the  mean  value  of  the  actual  variable  back 
pressure,  so  far  as  it  can  be  accurately  ascertained.  What  that 
mean  value  is  in  difiEbrent  cases  will  be  considered  in  a  special 
Article. 

The  fourth  aeswnpUon  consists  in  neglecting  the  volume  of  the 
liquid  water  as  compared  with  that  of  the  steam,  so  that  the  side 
E  D  A  of  the  diagram  is  a  straight  line  coinciding  with  0  Y, 
instead  of  being  a  curve  having  ordinates  parallel  to  0  X,  represent- 
ing the  successive  volumes  of  the  water  as  it  sustains  a  giadually 
increasing  pressure  in  the  feed  pump,  and  corresponding  (though  of 
much  smaller  magnitude)  to  the  ordinates  pandlel  to  0  X  of  the 
curves  marked  D  A  in  figs.  104,  Article  274,  and  108,  Article  277. 
This  assumption  gives  rise  to  no  error  appreciable  in  practice. 

Thus  is  obtained  a  diagram  for  purposes  of  calcidation,  of  the 
kind  of  form  represented  by  ABCEFDA,  of  which  the  side 
B  C  alone  is  curved.  Experience  proves,  that  although  in  a  dia- 
gram of  this  kind,  in  which  the  smaller  fluctuationB  of  the  pressure 
are  neglected,  the  preseuree  corresponding  to  partictdar  poaitione  of 
the  piston  sometimes  differ  considerably  from  the  actual  pressures, 
yet  the  dififerences,  being  in  opposite  directions  at  different  points 
of  the  diagram,  neutralize  each  other  in  such  a  manner,  that  the 
agreement  between  calculation  and  experiment  H  veiy  dose 
as  regards  the  energy  exerted,  and  the  mean  ^ective  presswre; 
being  the  quantities  which  are  of  the  greatest  importance  in 
practice. 

For  the  present,  the  quantity  of  steam  acting  as  a  cushion 
(Article  262)  is  supposed  either  to  be  inappreciably  small,  or  to 
have  had  its  successive  volumes  calculated  and  deducted,  so  that 
the  diagram  in  fig.  109  is  freed  from  its  effects.  The  effect  of 
"  cushioning  "  steam  will  be  considered  farther  on. 

279.  F«ms  •£  BjqpNMi«B  for  Baergr. — The  following  notation 
will  be  employed  in  formulae  relating  to  the  efficiency  of  steam : — 
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Absoluts  pressures  of  steam — 

During  the  admiaBion, p^  OA  =  CB 

At  any  time  diiring  the  expansion,       p  ordinate  of  B  O 

At  the  end  of  the  expansion, p^  H  0  =  OD 

During  the  return  stroke, p^  H  E  =  O  F 

Absolute  temperatures — 

Of  the  steam  when  admitted, r^ 

Of  the  steam  at  any  time  dur- ) 
ing  the  expansion, j 

Of  the  steam  at  the  end  of  the  ) 
expansion, /        ^^ 

Of  the  feed  water  supplied  to  ) 

the  boiler, /        ^* 

Temperatures  on  ordinary  scale, T^  dsa 

Volumes  of  one  lb,  o/stea/m — 

When  admitted, v^ 

At  anytime  during  the  expansion,       v 

At  the  end  of  the  expansion, v^ 

Density  of  steam  in  lbs.  per  cubic 
foot-— 

When  admitted, D^ 

Volume    occupied   by  the  mass  of 

steam,   or  of  steam  ami   liquid 

water,  under  consideration —  

When  admitted, «i  AB  =  Oa 

At  any  time  during  the  expansion,       u  abscissa  of  B  0 

At  the  end  of  the  expansion, t^  =  ruj         D  0  =  0H 

Ratio  of  ea^)a/n8ion, r  =  --=-  DC-f-AB 

Energy  exerted  by  one  lb,  of  steam,..,       IT 

^'S*rffiSr:{?r}   5  ^         areaABCEFA 

,,        ^_.                                  U                       areaABCEFA 
Mean  effective  presstire, — =i?»— I'j    === 

",  the  reciprocal  of  the  ratio  of  expansion,  is  called  the  admission, 
r 

and  sometimes  the  cut  off,  being  the  fraction  of  the  stroke  at  which 

the  admission  of  steam  is  cut  off. 

The  reason  for  having  the  symbol  u^  distinct  from  v^,  to  denote 

the  volume  of  the  mass  of  steam  when  admitted,  is  that  it  is  in 
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some  cases  more  conyenient  to  consider  the  action  of  a  pound  of 
steam  (in  which  case  u^  =  v^),  while  in  other  cases  it  is  more  con- 
venient to  consider  the  action  of  so  much  steam  as  occupies  a  cubic 
foot  when  first  admitted  (in  which  case  t«^  =  1) ;  or  rather,  to  speak 
strictly,  so  much  steam  as  occupies,  when  first  admitted,  one  cubic 
foot  more  than  it  did  in  the  liquid  state;  but  the  difference 
between  these  two  definitions  of  the  mass  of  steam  under  oon« 
aideration  is  n^ected. 

The  relations  between  r  (=  T  +  4:6r*2  Fahrenheit)  p,  v,  and  D, 
are  given  by  the  formulas  of  Article  206,  equations  1  and  2  (page 
237),  and  of  Article  256,  equation  1  (page  326),  and  by  Tables  lY. 
and  YI.  (As  to  the  interpolation  of  quantities  in  these  tables,  see 
Article  279  a,  immediately  following  the  present  Article.) 

There  are  two  modes  of  expressing  and  calculating  the  energy 
represented  by  the  area  of  the  diagram.  The  first,  which  corre- 
sponds to  that  expressed  for  diagrams  in  general  by  equation  2  of 
Article  263,  is  the  best  suited  for  purposes  of  exact  calculation, 
and  of  reasoning  about  principles;  the  second,  which  corresponds 
to  the  expression  in  equation  1  of  the  same  Article,  is  the  best 
suited  to  a  certain  approximate  method  of  calculation,  which  is 
expeditious  and  convenient  in  practice. 

Method  I,— 

To  the  area  AB CD, f^'udp 

^  P* 

Add  the  rectangle  D  F  x  0  D, +  u^  {p^^Ps) 


ThentheareaABCBFA  =  ^U=  r' udp  +  u^{p^'p^{l.)      '^' 

The  integral  in  iJiis  expression,  as  will  afterwards  be  shown,  is 
calculable  by  the  aid  of  certain  functions  of  the  absolute  tempera- 


tures r^y  TjJ. 

Method  IL — 


To  the  rectangle  0  A  X  A  B, J^i  ^ 

Add  the  area  G B 0 H, +[^pdu 

And  subtract  the  rectangle  O  F  x  F  E  —Pz^ 


Then  the  area  A B C E F A  =^  JJ  =p^u^+  r*pdu-p^u^.{2,) 

According  to  this  form  of  expression,  the  mean  effective  pressure 
has  the  value 
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v,=^  = ^ P'  =P-  -P*' <3) 

in  which  the  symbol  p^  denotes  the  mean  gross  preeawre^  or  fiMon 
fortoard  pressure,  which  is  represented  in  the  diagram  by  the  mean 
height  of  the  line  ABC  above  O  X. 

The  convenience  of  this  second  method  arises  from  the  &cty  that 
within  the  limits  of  pressure  and  volume  which  usually  occur  in 
practice,  the  curve  B  C  approximates  to  a  curve  of  the  hyperbolic 
class;  that  is,  a  curve  in  which  the  ordinate  is  inversely  proper- 
tionai  to  some  power  of  the  abscissa^  as  expressed  by  the  equation 

P  «  «"•> (^.) 

t  being  an  index  which  is  different  according  to  the  circumstanoes 
of  the  case,  and  is  to  be  found  by  trial  When  t  =  1,  the  curve  is 
a  common  hyperbola^  and  the  area  O  A  B  C  H  is 

Pi^  +  f    pdu=p^iii'{l+hjplQgr); (5.) 

but  in  the  cases  which  occur  in  the  working  of  saturated  steam,  % 
is  fractional,  and  greater  than  1 ;  and  then  we  have 

=  ft«i  (iTT-iri  •♦•"'•^')  =P'^^' («•) 

from  which  is  obtained  the  following  expression  for  the  fnean  for- 
ward  or  gross  pressure : — 

^-=^1*       ^-1     ' ^^'^ 

Formulsd  of  this  kind;  and  tables  computed  by  means  of  them, 
such  as  Tables  YIL  and  YIII.  at  the  end  of  the  volume,  are  con- 
venient in  approximate  calculations  for  practical  purposes,  especially 
as  they  do  not  involve  the  temperature. 

279  A.    iBlerpobUlmi   of  QMUicttiM    !■    the    Tables. — When    in 

using  Table  IV.  or  Table  VI.  for  steam,  or  Table  V.  for  tether,  it 
is  required  to  find  some  quantity  intermediate  between  those  given 
in  the  table,  that  quantity  can  be  found  with  accuracy  sufficient  for 
ordinary  purposes  by  the  aid  of  first  differences.  It  is  to  facilitate 
such  interpolation  that  the  logarithms  of  the  pressures,  densities, 
volumes,  and  quantities  denoted  by  L,  are  given,  together  with  the 
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successiye  differences  of  those  logarithms  (denoted  by  A) ;  because 
the  differences  of  the  logarithms  vary  much  less  than  those  of  the 
numbers  to  which  they  belong. 

Suppose,  for  example,  that  it  is  required  to  find  from  Table  YI. 
the  volume  V  corresponding  to  a  pressure  P  which  lies  between 
two  of  the  pressures  given  in  the  table.  Let  P  be  the  neoci  less 
pressure  to  P  which  is  found  in  the  table,  and  Y  the  correspond- 
ing volume;  then,  approximately, 

log  V  =  log  V  -  aog  F -  log  P)  •  :^^^  j.....(l.) 

and  similar  methods  may  be  applied  to  other  quantities.     The  sign 
-  immediately  prefixed  to  ^  log  Y  is  merely  the  algebraical  mode 
of  indicating  that  Y  diminishes  when  P  increases. 

Eor  example,  let  it  be  required  to  find  the  volume  of  a  pound  of 
steam  in  cubic  feet  when  its  absolute  pressure  is  tioo  (UmospIiereSy 
or  29*4  lbs.  upon  the  square  inch,  or  4232-8  lbs.  on  the  square  foot 
=  F.     The  next  less  pressure  in  the  table  is  4152.     Then 

log  F  =  3-6266;  log  P  =  3-6183;  log  Y  =  1-1461 ; 

A  log  P  =  00678;  -  a  log  Y  =  0-0637; 

and  therefore, 

log  Y  =  M461  -  0-0083  •  ^  =  M383; 

and  Y  =:  13*75  cubic  feet  per  lb. 


280.  Back  gigiMii  If  the  steam  working  in  steam  engines 
were  unmixed  with  air,  and  if  it  could  escape  without  resistance 
and  in  an  inappreciably  short  time  firom  the  cylinder  after  having 
completed  the  forward  stroke,  the  back  pressure  would  be  simply, 
in  non-condensing  engines  (conventionally  called  ^^high  pressure 
engines*\  the  cUmaspheric pressure  for  the  time;  and  in  condensing 
engines,  the  pressure  corresponding  to  the  temperature  in  the  con- 
denser.    This  may  be  called  the  pressure  of  condensation. 

The  mean  back  pressure,  however,  always  exceeds  the  pressui'e 
of  condensation,  and  sometimes  in  a  considerable  proportion.  One 
cause  of  this,  which  operates  in  condensing  engines  only,  is  the 
presence  of  air  mixed  with  the  steam,  which  causes  the  pressu/re  in 
the  eondensef,  and  consequently  the  back  pressure  also,  to  be  greater 
than  the  pressure  of  condensation  of  the  steam.  For  example,  an 
ordinary  temperature  in  a  condenser  when  working  properly,  is 
about  104°  Fahrenheit,  to  which  the  corresponding  pressure  of 
steam  is  152*6  lbs.  on  the  square  foot,  or  1  -06  lbs.  on  the  squai-e 
inch.     But  the  absolute  pressure  in  the  best  condensers  is  scarcely 
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ever  less  than  2  lbs.  on  the  square  inch,  or  nearly  double  of  the 
pressure  of  condensation. 

The  principal  cause,  however,  of  increased  back  pressure,  is 
resistance  to  the  escape  of  the  steam  from  the  cylinder,  by  which, 
in  condensing  engines,  the  mean  back  pressure  is  caused  to  be 
from  1  to  3  Iba  on  the  square  inch  greater  than  the  pressure  in  the 
condenser.  There  is  as  yet  no  satisfactoiy  theoiy  of  ^at  resistance, 
so  that  it  cannot  be  computed  for  any  proposed  engine  by  means  of 
a  general  formula. 

The  back  pressure,  therefore,  in  proposed  condensing  engines, 
can  for  the  present  only  be  estimated  roughly  from  the  results  of 
experience  in  particular  cases.  The  following  is  a  summaiy  of 
some  such  results : — 

Uean  Back  pRxasDaE,^,. 

Lbe.  on  the  Lt>s.  on  the 

square  foot 

Batio  of  expansion  from  i  ^  to  3, . . .  720 

„  „         from  4  to  7, ....    648  to  504 

„  „         from  8  to  15,...    504  to  43a 

There  is  a  deficiency  of  precise  experimental  data  on  this  sub- 
ject, because  of  the  frequent  omission  to  observe  the  atmospheric 
barometer  at  the  time  when  the  indicator  diagrams  of  steam  engines 
are  taken.  The  consequence  of  that  omission  is,  that  the  diagrams 
show  only  the  qffeeUve  pressures  of  the  steam,  and  not  the  absoltUe 
pressures,  which  are  left  to  be  roughly  estimated  by  guessing  the 
probable  atmospheric  pressure. 

It  is  certain,  that  if  sufficient  experimental  data  existed,  the 
back  pressure  would  be  found  to  vary  with  the  speed  of  the  engine, 
being  greater  at  higher  speeds,  and  also  with  the  density  of  the 
steam  at  the  commencement  of  the  exhaust,  and  with  the  size  of 
the  exhaust  poii;  through  which  it  escapes  from  the  cylinder. 

In  non-condensing  locomotive  engines,  a  great  number  of  experi- 
mental data  as  to  back  pressure  have  been  collected  and  arranged, 
and  to  a  certain  extent  reduced  to  a  system  of  laws,  in  Mr.  D.  K. 
Clark's  work  On  Railway  Mackinery,  That  author  finds,  that  the 
excess  of  the  back  pressure  above  the  atmospheric  pressure  varies 
nearly — 

As  the  square  of  the  speed; 

As  the  pressure  of  the  steam  at  the  instant  of  release;  that  is,  of 
the  commencement  of  the  exhaust ; 

Inversely  as  the  square  of  the  area  of  the  orifice  of  the  blast 
pipe,  through  which  the  steam  is  blown  into  the  chimn^  to  pro- 
duce a  draught 

Mr.  Clark  also  finds,  that  the  excess  of  back  pressure  is  less,  the 
greater  the  ratio  of  expansion;  that  it  is  less,  the  longer  the  tvms 
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during  which  the  eduction  of  the  steam  lasts;  and  that  it  is  in- 
creased by  the  presence  of  liquid  water  amongst  the  steam,  being 
in  certain  cases  greater  in  unprotected  than  in  protected  cylinders 
in  the  ratio  of  1*72  to  1. 

As  an  example  of  specific  results  obtained  by  Mr.  Clark,  it  may 
be  stated,  that  "  with  a  mean  of  16  per  cent,  of  release," — that  is, 
with  the  exhaust  port  opened  when  the  piston  had  performed  0*84 
of  its  forward  stroke — '^  with  an  admission  of  half  stroke," — that 
is,  with  the  ratio  of  expansion  2,  nearly,  ''and  with  a  speed  of  piston 
of  600  feet  per  minute;'*  the  excess  of  the  back  pressure  above 
the  atmospheric  pressure,  in  protected  cylinders,  was  about  0-163  of 
the  excess  of  the  pressure  of  the  steam  at  the  instant  of  release 
above  the  atmospheric  pressure. 

It  is  probable,  that  the  general  results  arrived  at  by  Mr.  Clark 
may  be  safely  applied  to  all  engines,  whether  condensing  or  non- 
condensing,  to  the  following  extent : — 

TJuU  in  the  same  engine,  going  cU  the  same  speed,  the  excess  of  the 
mean  back  pressure  above  the  pressure  of  condensationy  varies  nearly 
as  the  density  of  the  stecMn  al  the  end  of  the  expansion; 

And  that  in  the  samie  engine,  with  the  same  density  of  steam  al  the 
end  of  the  forward  stroke,  thai  excess  of  back  pressure  varies  nearly 
as  tlie  squa/re  of  the  speed 

281.  Thmrmodjwmmie  FntctlMi*  aad  Adtobatic  Ctarre,  Jfor  IflizMl 
Water  wmd  SiMun. — ^When,  as  in  the  present  investigation,  the 
volume  of  a  pound  of  water,  and  its  variations,  are  treated  as 
insensibly  small,  the  value  of  the  thermodynamic  function  consists 
simply  of  the  first  term  of  the  expression  in  Article  246,  equation 
1 ;  that  is  to  say, 

J  hyp  log  t; 

J  denoting,  as  usual.  Joule's  equivalent,  or  the  dynamical  value  of 
the  specific  heat  of  water.  Suppose  the  pound  of  water  to  be 
raised  from  a  fixed  temperature  to  any  given  absolute  temperature 
T,  and  then  to  be  either  wholly  or  partially  evaporated ;  and  let  u 
be  the  volume  of  the  steam  produced,  which  for  total  evaporation 
is  equal  to  v,  the  voliune  of  one  pound  of  saturated  steam  at  the 
given  boiling  point,  and  for  partial  evaporation,  may  have  any 
value  less  than  v.  Then  from  Article  255,  equation  1,  it  is  evident, 
that  to  complete  the  thermodynamic  function  for  the  aggregate  of 
water  and  steam,  we  must  add  to  the  expression  already  found  for 
the  water  in  the  liquid  state,  the  following  quantity : — 

dp^ 


u 

'  T 


Ti' 


giving  for  the  complete  thermodynai 
and  steam — 


1 
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^  =  J  hyp  log  T  +  tt  ^ (1.) 

[The  same  expression  may  be  made  applicable  to  any  other  fluid 
by  putting  inst^eui  of  J,  J  e,  the  dynamical  specilic  heat  of  the  fluid 
in  question  in  the  liquid  state.] 

The  equation  of  an  adiabatic  curye  is 

f  =  constant 

This  enables  us  to  find  the  equation  of  the  form  of  the  cnrye  B  C 
in  the  diagram,  fig.  109,  Article  278,  when  that  curve  is  adiabatic; 
that  is,  when  the  steam  expands  without  receiving  or  giving  out 
heat.  Attending  to  the  notation  of  Article  279,  we  have,  in  the 
present  case,  for  the  point  B  in  the  curve, 

and  for  any  other  point, 

J  hyp  log  T  +  tt  j^  =  J  hyp  log  Ti  +  Vi  ^  >...(2.) 

from  which  is  easily  deduced  the  following  expression  for  the 
volume  u  occupied  by  one  lb.  of  water  and  steam  at  any  pressure 

.=^.(jhyplog.5  +  .,^); (3.) 

dr 

When  common  instead  of  hyperbolic  logarithms  are  used  in  the 
calculation,  for  J  =  772  is  to  be  substituted, 

J  hyp  log  10  =  772  x  2-3026  =  1777-6. 

According  to  Article  255,  equation  3, 

5;=-p(?  +  'i?)''yp^'«^<^' (^•) 

by  means  of  which  formula,  with  the  aid  of  equation  1  of  Article 

206,  and  the  constants  given  in  page  237,  ^  can  be  computed. 

The  use  of  the  equation  3  for  computing  the  value  of  u  may  be 
much  facilitated,  by  employing  the  values  of  L,  the  latent  fieat  per 
cubic  foot,  which  are  given  for  steam  in  Table  lY,  (and  for  sether 
in  Table  Y.);  for  according  to  Article  255,  equation  2  (n^lecting 
the  volume  of  the  liquid  water), 
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dp L 

SO  that  equation  3  of  this  Article  becomes 

«  =  j(jhyplogi+^) (5.) 

A  conyenient  modification  of  equations  3  and  5  is  the  follow- 
ing:— 

Let  the  weight  of  steam  under  consideration  be  B^  =  — >  so  that 

its  initial  volume  t^  is  ont  eulnc  foot.     Then,  instead  of  u  may  be 

put  r  f  =  —  j,  the  ratio  in  which  the  sUam  is  expamdod;  so  that  we 

have  for  the  value  of  that  ratio, 


dr 

=  ^-  (JD,  hyp  log  5  +-^) (6.) 


282.  AppMxInmte  FotwmI*  f«r  Adiaballc  Carre. — From  the  re- 
sults of  numerical  calculations  of  the  co-ordinates  of  adiabatic 
curves  for  steam,  it  has  been  deduced  by  trial,  that  for  such  pres- 
sures as  usually  occur  in  the  working  of  steam  engines,  the  relation 
between  those  co-ordinates  is  approximately  expressed  by  the 
following  statement : — ike  pressure  varies  nearly  as  the  reciprocal  of 
the  tenth  poioer  qfthe  ninth  root  qftfie  space  occupied;  that  is  to  say, 
in  symbols 

p  oz  u     9  nearly (1.) 

This  formula  belongs  to  the  class  already  explained  in  Article 
279,  Method  II. ;  the  value  of  the  exponents  and  co-efficients  being 

t  =  ^ ;  i -1  =  i;  jl^  =  9;  Ay  =  10....  (2.) 

The  preceding  equation  1,  and  those  deduced  from  it,  are  most 
expeditiously  employed  by  the  aid  of  a  table  of  logarithms.  In  the 
absence  of  a  table  of  logarithms,  the  niTith  root  of  any  ratio  can  be 
found  by  extracting  the  cube  root  of  the  cube  root,  either  by  the 
aid  of  a  table  of  cube  roots,  or  by  ordinary  arithmetic. 

283.  IJ««cfiictl«tt  •£  Steam  Worklag  Expwuircly. — The  volume 

2o 
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of  one  pound  of  saturated  steam  (neglecting  the  yolume  of  the  liquicl 
water),  according  to  Article  256,  equation  1,  is 

^=L  =;:^ ^  '^ 

d  r 

IS!  being  the  latent  heat  of  evaporation  of  one  pound  It  appears 
by  computation,  that  the  yolume  u  given  by  equation  3  or  equation 
^\  ^  *^  '  5  of  Article  28|  is  less  than  t;  in  all  cases  -which  occur  in  practice  ; 
from  which  it  follows,  that  when  steam  expands  in  driving  a 
piston,  and  receives  no  heat  from  without,  a  portion  is  liquefied. 

To  find  under  what  conditions,  and  to  what  extent  this  conden- 
sation by  expansive  working  will  take  place,  we  have  for  the  pro- 
portion borne  by  the  condensed  steam  to  the  whole  mass  of  steam 
and  water,  the  following  expression : — 


V  — 


^=l-^(jhyplog5  +  .,^) (2.) 

The  value  of  H'  is  given  approximately  in  foot-lb&  per  pound  of 
steam  by  the  formula 

H'  =  a  -  6  r  =  1109550  ~  5404  r (3.) 

For  any  other  fluid,  J  c  would  have  to  be  put  instead  of  J,  and  for 
a  and  6  their  proper  values,  supposing  them  to  have  been  ascer* 
tained. 

It  may  be  shown  by  an  investigation,  which  it  is  unnecessary 
here  to  give  in  detail,  that  the  expression  (2)  is  always  positive  so 
long  as 

Tj  is  less  than  ~-  (=  1437°-2  for  steam  =  46r-2  +  976^). 

The  principle  just  stated,  as  to  the  liquefaction  of  vapours  by 
expansive  working,  was  arrived  at  contemporaneously  and  indepen- 
dently, by  Professor  Clausius  and  the  Author  of  this  work  in  1849. 
Its  accuracy  was  subsequently  called  in  question,  chiefly  on  the 
ground  of  experiments  which  show  that  steam,  after  being  expanded 
by  being  "  wire-drawn,"  that  is  to  say,  by  being  allowed  to  escape 
through  a  narrow  oriflce,  is  super-heated,  or  at  a  higher  tempera- 
ture than  that  of  liquefaction  at  the  reduced  pressure.  Boon 
afterwards,  however,  Professor  WiUiam  Thomson  proved  that  those 
experiments  are  not  relevant  against  the  conclusion  in  question,  by 
showing  the  diflerence  between  the  free  expansion  of  an  elastic 
fluid,  in  which  all  the  energy  due  to  the  expansion  is  expended  in 
Agitating  the  particles  of  the  fluid,  and  is  reconverted  into  heat, 
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and  the  expansion  of  the  same  fluid  under  a  preamire  eqwd  to  its 
oum  dcuticity,  when  the  eneigy  developed  is  all  communicated  to 
externa]  bodies,  such,  for  example,  as  the  piston  of  an  engine. 

284.   Bfllcleacy    •!*   Steam    i«    aa    Uqjackcted    Oyliader. — In   the 

present  Article,  the  cylinder  is  supposed  to  be  sufficiently  protected 
against  any  appreciable  loss  of  heat  by  conduction ;  and  the  steam 
is  assumed  to  expand  without  receiving  or  emitting  heat,  so  that 
B  C  in  fig.  109,  Article  278,  is  an  adiabEitic  curve. 

The  area  A  B  C  D,  contained  between  that  curve  and  the  straight 
lines  A  B  and  C  D,  corresponding  to  the  pressures  p-^  and  p^  at  the 
beginning  and  end  of  the  expansion,  has  the  ibUo  wing  value,  when 
the  mass  of  steam  under  consideration  is  one  pound: — 

ABCD=/^«rfp=/^.ip-^(jhyplog5+«,.^) 

=  J { 'i-'.(l  +hyplog  ^  }  +  (r,  -  c^  V,  J^^..(l.) 

In  fluids  other  than  water,  J  e  is  to  be  put  instead  of  J. 
Inasmuch  as  the  latent  heat  of  evaporation  of  one  pound  of  steam 
at  r^  is 

I?,  r  !^  =  H'=  a-6  r.  =  1109550-540-4  r  nearly, 
we  may  trai«fonn  the  expreadon  1  into 

J  {  '!-'«  (l  +  hyplog^j)  }  +  '-i^W (1  O 

It  is  often  convenient  to  consider  the  action,  not  of  one  pownd  of 
steam,  but  so  much  steam  as  fills  one  cubic  foot  when  first  admitted 
into  the  cylinder  at  the  pressure  p^.     In  this  case,  we  have 

A  B  =  w^  =  1  cubic  foot; 

D  C  =  «2  =  «*  ratio  of  expansion; 

and  the  area  A  B  C  D  is  found  by  multiplying  the  expression  (1) 

*  In  using  the  formuls  t  and  1  a,  and  those  dedaoed  ttom  them,  the  following 
approximations  are  convenient : — 

hyp  logli  =^^^lf^  nearly. 


'i 


-^^l+hyplog^^=^.^i-^p^i^^^^ 
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by  Di  =  — ',  the  weight  of  one  cubic  foot  of  saturated  steam  at  the 
pressure  of  admissioiL     Observing  further,  that 

d  ri         r/ 
we  find,  per  cubic  foot  of  steam  admitted^ 

ABCD  ==  JDi  {  r.-rg  (l +hyplog  ^^  }  +  ^i^  •Li;..,(2.) 

in  which  D^  and  L^  can  be  found  from  Table  lY. 

From  the  above  equation  2,  and  the  properties  of  the  adiabatic 
curve  abready  explained  in  Article  281,  are  deduced  the  following 
formul«,  most  of  which  have  reference  to  the  action  of  oris  cubic 
foot  of  stecmi  admitted;  pressures  being  expressed  in  lbs.  on  the 
sqtubrefoot: — 

Data. 

p^  absolute  pressure  of  admission; 
p^  absolute  pressure  at  end  of  expansion; 
p^  mean  absolute  back  pressure; 

r^  (=  T^  +  461°'2  Fahrenheit),  absolute  temperature  of  feed 
water; 

T^  ordinary  temperature  of  condensation ; 
Tg,  ordinary  temperature  of  atmosphere. 

Besults. 

Temperatures  corresponding  to  the  several  pressures  to  be  found 
by  equation  2,  Article  206,  or  by  Table  IV. 
Batio  qfeaspcmnon — 

f|=.=  ^(772D,byplog^  +  ^^); (3.) 

Energy  per  cubic  foot  cf  steam  admitted — 

UD,  =  JD,{^-.,(l+hyplog^)} +11^2  1^ 

Mean  effective  pressure,  or  energy  per  cubic  foot  swept  through  by 
piston — 

P*'Ps  =  -7-^ (P) 
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For  lbs.  on  the  square  inch,  divide  this  by  144. 
HeaJt  expended  per  cubic  foot  ofsbeam  admitted — 

HiDx  =  JI>i('i-'«)  +  I^; (6) 

ffeat  eoepended  per  cubic  foot  swept  through  by  piston,  or  pressure 
equivcUent  to  heat  expended — 

5^. (7.) 

Effideney  of  steam,  =r ; (8.) 

■°-i 

Net  feed  water  per  cubic  foot  of  steam  admitted — 

i>i; (9) 

NeAfeed  water  per  cubic  foot  swept  through  by  piston — 

7*; (10.) 

Heat  rejected  per  cubic  foot  of  steam  admitted — 

HjDi  =  (H,-XJ)Dij.. (11.) 

Heat  r^ectedper  cubic  foot  swept  through  by  piston — 

H^ Di _  (Hi -U) Di . 


. r W 


Lbs.  of  water  to  be  injected  into  Hia  condenser  (if  any)  to  abstra^A 
ihojtheal — 

i7(Tp%' <^^> 

Cubic  feet  to  be  swept  th/rough  by  the  piston  per  minute,  for  each 
indicated  horse-power — 

33000  _  33000  r 
p^-p,-    UD,   ' ^^*-^ 

Avoidable  heal  expendedper  indicated  horse-povxr  per  hour — 

1980000  5i (15.) 


The  following  is  a  numerical  example : — 


3d0 
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Initial,  p^m 

Final,  p^ 

Back  pressure,  p^ 

Temperatures. 

Of  feed  water  (4.) 

Of  condensation  (5.) 

Of  atmosphere  (6.) 


Data. 

Lbs.  per  aqiiare  inch.  Lbs.  per  iqiiare  foot 

3371  4854 

10*16  1463 

5'oo  jao 


Oidinary,  T. 

95° 

104 

59 
Results. 


Absolute,  r. 

55<5-2 


Quantities  found  hj  Table  lY.  T.  r. 

Corresponding  to^^*  ^57  718*2 

«             ,f      Pf  194  655a 

BcUio  o/expo/ndon — 


L.  D. 

59720        0-08285 
20280         0*02685 


Energy  per  cubiofoot  of  steam  admitted — 

U  Di  =  772  X  008285  1 718*2  —  ^55-2  {\  +  hyp  log  —^  | 


+ 
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X  59720  +  2*875  X  743 


718-2 

=  182  +  5239  +  2136  =  7557  foot-lbs. 
Mecm  effective  pressure — 

^  =  n  ofrg  =  2629  lbs.  on  the  square  foot 

r        2*875  ^ 

=  18*25  lb&  on  the  square  inch. 

He(U  expended  per  cvhic  fo<^  of  eteam  a^hniUed — 

Hi Di  =  772  X  008285  (718*2  —  556*2)  +  59720 

=  10362  +  59720  =  70082  foot-lbs. 

HecA  eospended  per  cubic  foot  ewept  through  hy  piston,  or  pressure 
equivalent  to  licat  expended — 

HiD,     70082     o.o^^iu         XI. 

—       9.875  ^  24376  lbs.  on  the  square  foot 

=  169*3  lbs.  on  the  square  incL 
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EffiAency  of  tiMtmr-^ 

IJ  _  7559  ^  2629  _   18-25 
H; "70082*"  24376 "  169-3  -"^"''• 

NetfeedwcAer  per  cvbio  foot  aw^  throttgh  by  piston-^ 

5i=m|?^=0-0288  lb.  =0-00046  cubic  foot  nearly. 

Heai  rejected  per  cubic  foot  qfeteam  admitted — 

Hj  Di  =  70082  —  7557  =  62525  foot-lbe. 
Heat  Tweeted  per  eulnefoot  ewept  through  hypiHon — 

62525 


2-875 


:=  24376  — 2629  =  21747. 


Injection  loater  required  to  condense  the  steam,  per  cubic  foot  swept 
through  by  piston — 

21747  1 

Tmo — rTFTA Tfys.  "=  0*626  lb.  =-r7T7;  dbic  foot  nearly. 

772  X  (104  —  59)  100  ^ 

Cubic  feet  to  be  stoept  through  by  the  piston  per  mimUCy  for  each 
indicated  horse-power — 

33000    - «  ^^ 
» 12*55 

2629 

(or  12-55  X  60  =  753  cubic  feet  per  hour). 
AvaHahle  heat  expended  per  indicated  horse-power  per  hour — 

1,980,000  1QOOi.AA^      .iw. 

^  .  ^  ,^„^  =  18,384,400  foot-lbe. 

efficiency  =  01077 

To  sbow  how  this  expenditure  of  available  heat  is  connected 
with  the  consumption  of  coal,  let  the  coal  be  of  such  a  quality, 
that  the  total  heat  of  combustion  of  one  lb.  of  it  is 

10,000,000  foot-lbs. 

(corresponding  to  a  theoretical  evaporative  power  of  about  13-4). 

Let  the  efficiency  of  the  furnace  be  0-54;  so  that  the  available 
heat  of  combustion  of  one  lb.  of  coal  is 

5,400,000  foot-lbs. 

Then  the  consumption  of  coal  in  the  engine  now  under  considera* 
tion,  per  indicated  horse-power  per  hour,  ib 
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18384400 

6400000 -•**"^*'^ 

The  following  are  some  deductions  from  the  previous  calcul&- 
tions : — 

Net  feed  water  per  vndicoited  horse-patoer  per  hour — 

0-0288 X  753  =  21-7  lbs.  =  0347  cubic  foot 

Injection  water  per  indicated  horee-power  per  hour — 

0-626  X  753  =  471-4  lbs.  =  7-54  cubic  feet* 

285.  Appr«xlnuue  F«nMBlfl»  f«r  IJnjackctcd  Crltaden. — The  for- 
mulas in  the  preceding  Article  which  give  the  mean  effective 
pressure,  and  the  work  of  a  given  quantity  of  steam,  are  inoon> 
venient  in  practice  from  the  length  of  the  calcuiations  which  their 
use  involves,  and  from  the  circumstance,  that  although  they  serve 
to  compute  directly  the  ratio  of  expansion  when  the  initial  and 
final  pressures  are  given,  they  cannot  be  so  employed  when  the 
initial  pressure  and  ratio  of  expansion,  but  not  the  final  pressure, 
are  given,  except  by  the  aid  of  a  tedious  process  of  trial  and  error. 

For  practical  use  in  ordinary  cases,  therefore,  it  is  desirable  to 
have  a  set  of  formulas  in  which  the  computations  are  less  tedious, 
and  which  can  be  used  directly  when  the  ratio  of  expansion  is  one 
of  the  data.  When  the  initial  pi'essure  is  not  less  than  one  atmo- 
sphere, nor  more  than  twelve  atmospheres,  such  a  set  of  formulae, 
sufficiently  accurate  in  all  ordinary  cases,  are  deduced  from  the 
fsjcty  already  stated  in  Article  282,  that  during  the  expansive 
working  of  steam  represented  by  an  adiabatic  Hne, 

_  19  nearly. 
pacu     9  "^ 

The  following  are  the  formulae  thus  obtained : — 

Data. 

pi,  absolute  pressure  of  admission; 

r,  ratio  of  expansion ; 

^3,  mean  absolute  back  pressure; 

r^  absolute  temperature  of  feed  water — 

(  =  T,  +  46r-2); 

Tg,  temperature  of  condensation; 
Tq,  temperature  of  atmosphere. 

*  The  fundamental  formnls  of  Article  284  were  first  published  in  a  paper  sent  to 
the  Royal  Society  in  December,  1858,  and  published  in  the  Philosophical  TVtmtae- 
tiong  for  1854.  The  same  formuUe  were  aluo  discovered  independently  by  Profowor 
Claosins  about  1855,  and  published  by  him  in  Foggendorff 'a  Annahn  for' 1856. 
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Besults. 

_  JO 

Final  pressure,  Pi=^Pi '  **     •  i Gv 

Mean  total  presswre — 

P.  =  Pi  (lO r-  -  9  r-j),. (2.) 

Mean  effective  pressure — 

Pm—Ps^'Pi  (lOr-^  — 9r-T)— Ps (3.)  . 

The  three  preceding  formula  are  applicable  to  pressures  expressed 
in  any  kind  of  units. 

Energy  per  cubic /oat  of  steam  admitted — 

r{p»'-Pz)  =  Pi{lO  —  9r-'\)—rp^; (4.) 

in  which  the  pressures  are  in  lbs.  on  the  square  foot. 

To  facilitate  the  use  of  these  formulae,  the  values  of  the  ratios 


Pi 

=  lOr- 

-i^ 

-9r- 

10 
'  9 

rp^__ 

10- 

-.9r" 

1 
9 

and 

Pi 

and  their  reciprocals,  are  given  in  Table  YH.  at  the  end  of  the 

volume,  for  values  of  the  "  admission  "  or  "  cut  off"  -,  increasing  at 

r 

first  by  differences  of  0*025,  and  afterwards  by  differences  of  0*05. 

Intermediate  values  of  the  above  ratios  can  easily  be  computed, 

when  required,  from  those  given  in  the  table,  by  interpolation. 

Where  the  approximate  formulae  of  the  present  Article  are  used 
for  calculating  the  energy  exerted,  and  the  mean  effective  pressure, 
the  expenditure  of  heat,  the  feed  water,  injection  water,  <ka,  may 
easily  be  computed  by  the  formulae  already  given  in  the  preceding 
Article.  But  in  cases  where  special  accuracy  is  not  required,  the 
expenditure  of  heat  may  be  computed  approximately  with  less 
trouble  by  the  following  approximate  formulae : — 

Heat  expended  in  foot-lbs.  per  cubic  foot  of  steam  admitted — 

H,  Di  =  13^  ;?,  + 4000  nearly, (5.) 

Pi  being  in  lbs.  on  the  square  foot ; 

ffeat  expended  per  cubic  foot  swept  through  by  piston,  or  pressure 
equivalent  to  lieat  expended — 

H,  D,     134  Pi  +  ^^^  ^^^  P^r  square  foot 
"V"= :^ > W 
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Equivalent  pressure  ui )  _  ^^hPi"^  ^"^'^  1^  P^r  square  incli  .^ 
lbs.  per  sqtiare  inch  /  r  '^   ^^ 

In  the  following  numerical  example,  the  preceding  approximate 
formuliB  are  applied  to  the  case  already  calculated  in  the  preceding 
Article,  the  ratio  of  expansion  being  supposed  to  be  given. 

Data. 

Initial  pressure,    p^  ~  33*71  lbs.  per  square  inch ; 

Batio  of  expansion,        r  =  2*875,  so  that 

1 

Admission,  -  =  0*348: 

r  ' 

Mean  back  pressure — 

p^  =  5  lbs.  per  square  inch. 

Beuuiav. 

n 

Computation  of  the  ratio  — ,  from  Table  VII. — 


1 

1 

Pm 

Pm 

r 

r 

Pi 

ft 

■3 

•639 

a 

•05 

•058=  A 

1 

•-  X 

r 

1*16 

nearlj 

•35  -697 

1  > 

Therefore,  for  -  =  *348  =  -35  —  -002, 

r 

^  =  -697  —  -002  X  1*16  =  -695  nearly: 
Pi  ^ 

Mean  total  pressure — 

p.  =  33*71  X  695  =  23-43  lbs.  on  the  square  inch. 

Mean  effective  pressu/re — 

Pm  —  Pi  =  23-43  —  5*00  =  18*43  lbs.  on  the  squaxe  inch; 

The  same  as  computed  hj)   -iq.ok 

the  exact  formula j  "  " 

Difference, +0-18        „  „ 

or  about  Tfir* 
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Pressure  equivalent  to  hecU  expeinded — 
13i  X  33-71  +  27-7 


2-875 


=  166  lb&  on  the  square  mch; 


The  same  as  computed  )    i  gg.Q 
by  the  exact  formula,  /  " 


99 


DifTerence, —  3-3        ,,  ^ 

or  about  -Ar. 

18*43 
Effideney  of  the  eteam,  -    ^  =0*1110 

The  same  as  computed  by  )      a.iatt 
the  exa.*t  formuhe, /     "  ^"'' 

Difference, +  0*0033 

or  about  i^. 

The  errors  arising  from  the  use  of  the  approximate  formulie,  of 
which  examples  have  just  been  given^  are  in  most  cases  practically 
unimportant* 

286.  Vm  •f  the  8t«am  JTacket,  and  H«t  Air  Jacket.t — The  con- 
clusion theoretically  demonstrated  in  Article  283,  that  when  steam 
or  other  saturated  vapour  in  expanding  performs  work  by  driving 
a  piston,  and  receives  no  heat  from  without  during  that  expansion, 
a  portion  of  it  must  be  liquefied,  is  confirmed  by  experience  in 
actual  steam  engines;  for  it  has  been  ascertained,  that  the  greater 
part  of  the  liquid  water  which  collects  in  unjacketed  cylinders,  and 
which  was  once  supposed  to  be  wholly  carried  over  in  the  liquid 
state  from  the  boiler  (a  phenomenon  called  ''  priming'*)  is  produced 
by  lique&ction  of  part  of  the  steam  during  its  expansion ;  and  also 
that  the  principal  effect  of  the  ^*  jacket"  or  annular  casing  envelop- 
ing the  cylinder,  filled  with  hot  steam  from  the  boiler,  which  was 
one  of  the  inventions  of  Watt,  is  to  prevent  that  liquefaction  of  the 
steam  in  the  cylinder. 

That  liquefaction  does  not,  when  it  first  takes  place,  directly 
constitute  a  waste  of  heat  or  of  energy;  for  it  is  accompanied  by  a 
corresponding  performance  of  work.  It  does,  however,  aftei*wards, 
by  an  indirect  process,  diminish  the  efficiency  of  the  engine;  for 
the  water  which  becomes  liquid  in  the  cylinder,  probably  in  the 
form  of  mist  and  spray,  acts  as  a  distributer  of  heat,  and  equalizer 

*  These  approximate  formiilflB  were  fixBt  published  in  A  Mamud  <ff  Applied 
Mechamcty  1858,  Article  656. 

t  Articles  286,  287,  288,  and  289,  are  to  a  great  extent  extracted  and  abridged 
from  a  paper  read  to  the  Royal  Society  in  January,  1869. 
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of  temperature,  abstraddng  heat  from  the  hot  and  dense  steam 
during  its  admission  into  the  cylinder,  and  communicating  that 
heat  to  the  cool  and  rarefied  steam  which  is  on  the  point  of  being 
discharged,  and  thus  lowering  the  initial  pressure  and  increasing 
the  final  pressure  of  the  steam,  but  lowering  the  initial  pressure 
much  more  than  the  final  pressure  is  increased ;  and  so  producing 
a  loss  of  energy  which  cannot  be  estimated  theoretically.  Accord- 
ingly, in  all  cases  in  which  steam  is  expanded  to  more  than  three 
or  four  times  its  initial  volume,  it  has  in  practice  been  found 
advantageous  to  envelop  the  cylinder  in  a  steam  jacket  The 
liquefaction  which  would  othei*wise  have  taken  place  in  the 
cylinder,  takes  place  in  the  jacket  instead,  where  the  presence  of 
the  liquid  water  produces  no  bad  effect;  and  that  water  is  returned 
to  the  boiler. 

In  double  cylinder  engines,  where  the  expansion  of  the  steam 
begins  in  a  smaller  cylinder,  and  finishes  in  a  larger,  the  usual 
practice  is  to  have  steam  jackets  i-ound  both  cylinders ;  but  in  a 
few  examples  in  which  the  smaller  cylinder  alone  is  jacketed,  the 
liquefaction  is  found  to  be  prevented,  showing  that  the  steam 
during  its  passage  from  the  small  into  the  large  cylinder,  receives 
sufficient  heat  either  directly  from  the  small  cylinder,  or  indirectly 
by  conduction  from  the  small  to  the  large  cylinder  (which  is  in  close 
contact  with  the  small  cylinder),  to  prevent  any  appreciable  portion 
of  it  from  condensing. 

It  is  desirable  that  a  small  quantity  of  the  steam,  not  appreciable 
in  calculating  the  efficiency  of  the  engine,  should  be  liquefied,  in 
order  to  lubricate  the  packing  of  the  piston.  This  generally  does 
take  place  in  jacketed  engines,  and  is  probably  the  effect  of  attrac- 
tion between  the  particles  of  water  and  the  metal 

The  effect  of  a  steam  jacket  in  preventing  condensation  may  be 
produced  by  a  hot  air  jctcket;  that  is,  by  a  flue  round  the  cylinder ; 
or  by  enclosing  the  cylinder  in  the  smoke  box,  as  is  done  in  many 
locomotive  engines.  The  advantages  of  this  are  well  shown  in 
Mr.  D.  K.  Clark's  work  on  Railvxiy  Machinery.  With  this 
apparatus,  however,  there  is  not  the  same  security  against  over 
diyness  of  the  packing  that  there  is  with  the  steam  jacket 

287.  EMcteBcy  •f  Dry  Satanifctf  bimim. — In  the  following  inves- 
tigation, it  is  assumed  that  the  steam  in  the  cylinder,  while 
expanding,  I'eceives  just  enough  of  heat  from  the  steam  in  the 
jacket  to  prevent  any  appreciable  part  of  it  from  condensing,  with- 
out superheating  it  This  assumption  is  founded  on  the  fact,  that 
dry  steam  is  a  bad  conductor  of  heat  as  compared  with  liquid  water, 
or  with  cloudy  steam,  and  that  after  cloudy  steam  has  received 
enough  of  heat  to  make  it  dry,  or  nearly  dry,  it  will  receive  addi- 
tional heat  very  slowly. 
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The  assumption  is  justified  by  the  fact,  that  its  results  ai*e  con- 
firmed by  experiment. 

The  symbol  v  is  used  to  denote  the  volume  of  one  pound  of  steam 
in  cubic  feety  and  the  symbol  p  to  denote  pressure  in  pounds  on  the 
square/oot,  so  that  pressure  in  pounds  on  the  square  inch  is  denoted 

"ill- 

In  fig.  110,  let  B  C  K  be  the  curve  whose  co-ordinates  represent 
the  volumes  and  pressures  of  diy  saturated  steam. 


Fig.  110. 

Let  O  A  =  /?!,  and  A  B  =  v^,  represent  the  pressure  and  volume 
of  admission,  and  r^  the  corresponding  absolute  temperature; 

Let  O  D  =  p2»  *"^d  1^0  =  ^2,  represent  the  pressure  and  volume 
at  the  end  of  the  expansion,  and  r^  the  corresponding  absolute 
temperature;  then 

-^  =  r  is  the  ratio  o/eapansion,  and 

—  =  -  the  admisdon,  or  effective  cui-off. 

Let  O  F  =  />3  be  the  pressure  of  exhaustion ; 
Let  T^  be  the  absolute  temperature  of  the  feed  water. 
The  energy  exerted  by  one  pound  of  steam  is  represented  by  the 
area  of  the  diagram,  consisting  of 

/Pi 
V  dp,  and 
Pa 

the  area  E  F  D  C  =  f?2  (j>^  —  p^); 

while  the  expenditure  of  heat  per  pound  of  steam  consists  of  the 
following  parts : — 

The  sensible  heat  J  (r^  -^  r^;  the  latent  heat  of  evaporation 
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at  r^ ;  and  tbe  latent  heat  of  expansion,  which  is  oommnnicated 
from  the  steam  in  the  jacket  to  that  in  the  cylinder. 

The  work  of  one  pound  of  dry  saturated  steam  exceeds  that  of 
one  pound  of  steam  which  expands  from  the  same  initial  pressure 
to  the  same  final  pressure  without  receiving  heat,  to  an  amount 
represented  by  the  excess  of  the  area  A  B  C  £  F  A  above  the  cor- 
responding area  for  an  unjacketed  cylinder,  while  the  expenditure 
of  heat  is  greater  by  the  quantity  which  the  steam  in  the  cylinder 
receives  during  the  expansion  represented  by  the  curve  B  C. 

The  latent  heat  of  evaporation  of  one  pound  of  steam  at  the 
absolute  temperature  r,  may  be  expressed  with  accuracy  sufficient 
for  the  purposes  of  the  present  investigation,  by  the  formula 

H'  =  a  — 6t; (1.) 

a  =  1109550  footrlbs.; 

b  =  540*4  foot-lbs.  per  degree  of  Fahrenheit 

To  find  the  area  A  B  C  D  A,  which  represents  part  of  the  energy 
corresponding  to  any  value  of  p,  the  value  of  v  is  to  be  expressed 
in  terms  of  H',  the  corresponding  latent  heat  of  evaporation, 
according  to  the  principle  of  Article  256,  giving 

a  —  bT" 

ar 
which,  being  multiplied  by  -r^  d  r,  and  integrated  between  ^  and 

c*  T 

<2,  the  initial  and  final  temperatures  of  the  expanding  steam,  we 
obtain  for  the  area  A  B  C  D  A — 


/%.,./;(e.»). 


Tl 


=  a-hyp.log. --6(ti  -t,); (2.) 

to  which,  adding  the  rectangle  D  C  £  F,  the  energy  exerted  on  the 
piston  by  one  pound  of  steam  is  found  to  be 

=  a  -hyp.  log.  ^^  - 6(ti  -  r,)  +  v^{p^^p^),. (3.) 

in  which 
a  s  1109550  foot-pounds;  b  =  540*4  pounds  per  d^pree  of  Fah. 
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The  MEAir  BFFBcrriTE  PSES8UREy  or  work  per  unit  of  volume  tra- 
versed by  the  piston,  is 

^ (4.) 

« 

The  heat  expended  per  pound  of  steam,  by  a  different  mode  of 
division  from  that  previously  given,  is  computed  as  follows : — 

Part  of  the  sensible  heat  for  raising  one  pound  of  water  from  the 
temperature  of  the  feed  to  the  final  temperature  of  the  expansion, — 

J(t,  -T4); 

latent  heat  of  evaporation  at  the  temperature  t,, — 

heat  transformed  into  mechanical  energy  between  the  temperatures 
Tj  and  Tj, — 

ABCDA=  f     vdpfSiaia,  equation  2. 

The  addition  of  these  quantities  gives  for  the  whole  expenditure  of 
heat  in  foot-pounds  of  energy  per  pound  of  steam, — 

/pi 
vdp 
Pt 

=.J(Ta-T4)+an+hyplog-M-6ri (5.) 

(J  =3  772  foot-pounds  per  degree  of  Fahrenheit). 

The  heat  expended  per  unit  of  space  traversed  by  the  piston  is 
equivalent  to  a  pressure  whose  intensity  is 

!l-t;2 (6.) 

The  EFFidSNCT  of  the  steam  is  the  ratio, 

U'.*-^ (7.) 

of  the  energy  exerted  by  the  steam  on  the  piston  to  the  heat  ex- 
pended on  the  steam ;  and  that  ratio  having  been  determined,  the 
available  heat  of  a  pound  of  fuel  may  be  computed  from  the  indi- 
cated work  per  pound  of  fuel,  or  vice  versa,  by  means  of  the  equa- 
tion,— 


available  heat  J  /ax 

indicated  work  ""  U' ^  *' 
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In  the  practical  use  of  eqiiations  3,  4,  5,  6,  7,  and  8,  the  usual 
data  are, — 

the  initial  pressure  p^ 

the  rtUio  ofexpangion  r, 

the  hack  presswre  p^ 

and  the  ahsoltUe  temperature  of  tlie  feed-toater  <^  =  T^  +  46F'2. 

From  py  by  the  aid  of  known  formulsd.or  of  Table  YI.,  are  to 
be  found  t^  and  v^.     Then 

and  from  Vj,  by  the  aid  of  the  same  formulae  or  of  Table  YL,  are 
to  be  found  t^  and  p^^  and  thus  are  completed  the  data  for  the  use 
of  equations  3  and  5. 

Let  O  L  =  ^0  represent  the  pressure,  and  L  K  =  Vq  the  Tolume, 
of  a  pound  of  steam  at  some  standard  temperature,  such  as  that  of 
melting  ice  {tq  =  32^  +  46r-2  =  493''-2  Fahrenheit),  and  let 

vdp=za 'hyp  log ^(''— «'o) (^O 

po  ^0 

be  the  area  contained  between  L  K  and  another  parallel  ordinate 
of  the  curve  B  C  K  corresponding  to  the  absolute  temperature  r. 

Then  by  the  aid  of  values  of  the  function  U,  as  given  or  inter- 
polated in  Table  YL,  the  equations  3  and  5  can  be  put  in  the 
following  form : — 

u'=Ui— U2+r2(P2— i'a); GO.) 

f,  =  Ui-U2  +  J(r2-rJ  +  a-6T2 (11.) 

^Vi  —  TJ^  +  B^  —  \; (12.) 

in  which  last  expression  for  the  heat  expended,  H.  denotes  the 
total  Iieat  of  evaporation,  from  tq,  at  r^y  and  h^  the  neat  saved  in 
consequence  of  the  temperature  of  the  feed-water  being  T^,  instead 
of  that  of  melting  ice, — both  quantities  as  given  or  interpolated  in 
the  columns  respectively  headed  H  and  h  in  Table  YI. 

The  following  statement  then  gives  at  one  view  the  formulss 
applicable  to  engines  worked  by  sensibly  diy  saturated  steam : — 

Data. 
Pv  ^f  P»  ''if  ^  ali'o&dy  explained. 
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Results. 

V|,  volume  of  one  lb.  of  steam  iohen  admitted^  to  be  found  or  in- 
terpolated  in  the  column  headed  Y^  Table  YL 
Volume  at  end  o/expannon, — 

Vt  =  rvi; (13.) 

Final  pressure^  p^  and  tempertOwe  T.,  to  be  found  or  interpo- 
lated in  the  columns  headed  P  and  T,  Table  YI. 

XT',  energy  esoerted  hj,  and  %  heat  expended  on,  one  Jh,  ofeteovm^  to 
be  found  by  equations  10  and  12,  with  Table  YL,  or  bj  equations 
3  and  5,  without  the  Table. 

Mean  effective  preeeure, — 

i'--ft=.^, w 

Presmre  equMaHeni  to  expenditure  of  available  heat, — 

p^^^; (15.) 

Efficiency  of  steam, — 

«=^=?'; (16.) 

Net  feed  uxUer  per  cubic  foot  sujept  through  by  piston, — 

fr=^i (17-) 

T  Vt  T 

Heat  nfjectedper  lb.  of  steam, — 

|-U'  =  H,-A«'-rj(p,-p^; (la) 

Heat  rgected  per  cubic  foot  swept  through  by  piston, — 

^^=p*-p.+Pz; (19.) 

Iiyection  water  required  per  lb.  of  steam — 

(T5,  temperature  of  condensation, 
T^,  temperature  of  atmosphere). 

^  — U' 

772(T5  — T^^ <^^> 

3d 
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Injection  %Dater  required  per  eidne  foot  ewept  through  hy  piston — 

772(T5— T^' - ^^^•-' 

Cvbio  Jed  ewepi  through  by  piston  per  minute  for  ecuA  indicated 
horee-power — 

33000 

i:^,.' w 

AvaildUe  heat  expended  per  hour  in  foot-lbs.  per  indicated'  horee- 
power — 

1,980,000  ^  1,980,000  y, 

Efficiency         p^  —  p^    ^     '' 

In  applying  these  formulie  to  an  engine  actoally  working,  whose 
speed  has  been  ascertained,  let 

A  be  the  area  of  the  piston; 

e  the  distance  through  which  it  moves  at  each  forward  stroke  if 
single  acting,  or  during  a  double  stroke  if  double  acting; 

N  the  number  of  revolutions  per  minute; 

R  the  total  resistance  I'educed  to  the  piston;  then,  as  in  Article 
263,  formula  5,  and  Article  26^,  formula  3,  the  energy  exerted  per 
minute  is 

N*R  =  N*A(p.— i>j); (24.) 

and  the  indicated  horse-pouter — 

NaA(p,.— Pa).  .g.x 

33000       ' : ^    -^ 

also,  the  available  heat  expended  per  minute  is 

IfsAp^ (26.) 

288.  AvpraztaMUe  Vmwmmim  for  Drr  flatwmted   Sfesw. — As  the 

formulffi  of  the  preceding  Article  require  in  their  use  a  considerable 
amount  of  calculation,  it  is  desirable  to  have,  for  the  purpose  of 
solving  ordinaiy  practical  problems,  approximate  formulse  of  a  more 
simple  kind.  Those  which  will  now  be  explained  have  been 
arrived  at  by  a  process  of  trial,  and  their  agreement  with  the  exact 
formulaa,  and  with  experiment,  has  been  tested  for  initial  pressures 
ranging  from  30  to  120  pounds  on  the  square  inch,  and  for  ratios 
of  expansion  varying  from.  4  to  16.  They  may  therefore  be  applied 
with  confidence  to  engines  working  within  these  limits,  and  pro- 
bably somewhat  above  them;  but  for  pressures  much  exceeding 
120  lbs.  on  the  inch,  and  ratios  of  expansion  much  exceeding  16, 
it  is  advisable  for  the  present  to  use  the  exact  formulse. 
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The  fonndation  of  the  approximate  formulsB  is  the  fact,  that  for 
pressures  not  ezoeeding  120  lbs.  od  the  inch,  or  17,280  lbs.  on  the 
square  foot,  the  equation  of  the  curve  £  C  K,  iig.  110,  is  very 
nearly 

17 

p(xv  ^  76 (1.) 

This  equation  is  very  convenient  in  calculation,  because  the 
sixteenth  root  can  be  extracted  with  great  rapidity  to  a  degree 
of  accuracy  sufficient  for  practical  purposes,  by  the  aid  of  a  table 
of  squares  alone;  and,  by  a  little  additional  labour,  without  any 
tables  whatsoever. 

Let  r,  as  before,  be  the  ratio  of  expansion;  then  we  have 
evidently, 

17 

ihe  final preasuTB —  P2  =  Pi  '*"  ""  ieJ (2-) 

^  eiierffy  exerted  <m  ths  pi€t<m  by  <me  p(ni^  of  8te^^ 

=  vApi{nr'^-l6r-TB)--p}; (3.) 

V 
the  mean  total  pressure,  bPzl '• (^O 

^Pn.  =  Pi{l7r-'  —  l6r-re); (5.) 

the  mean  effective  presst0^,  or  energy  exerted  per  cubic  foot — 

i>«  — ^^3  =  — =  JPi(l7r-*— 16r"*iij— ^ (6.) 

It  is  evident,  that  if  the  pressure  of  exhaustion  p^  be  given,  and 
any  two  out  of  the  three  following  quantities — the  initial  pressure 
Pi,  the  mean  effective  pressure  p^  —  pg,  the  ratio  of  expansion  r — 
the  fourth  quantity  can  be  calculated  directly,  if  it  is  one  or  other 
of  the  pressures  p^,  p^  —  p^;  and  if  it  is  the  expansion  r,  it  can  be 
found  by  approximation. 

The  approximate  formula  for  the  expenditure  of  heat  per  lb.  of 
steam,  which  has  been  found  by  trial  to  agree  very  closely  with  the 
exact  formula  within  the  limits  already  specified,  and  when  the 
feed  water  is  supplied  at  a  temperature  of  from  100^  to  120*^ 
Fahrenheit^  is  as  follows : — 


|,=  16i^,.,=l£iM; (7.) 


' 
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BO  that  the  he€U  expended  per  eubie  footf  or  the  preaeure  per  equare 
foo^  of  piston  to  which  the  expenditure  of  heat  is  equivaieni,  ib 

P.4'^^' (8) 


This  gives  for  the  effiamey 

-J,  I)  -       15j  \6ip^ ^"'^ 

bj  means  of  which,  when  the  work  of  a  pound  of  coal  is  known,  its 
available  heat  can  be  computed,  and  vice  versa,  as  with  the  exact 
formula. 

To  facilitate  the  use  of  these  approximate  formulie,  Table  YIIL, 
at  the  end  of  the  volume,  gives  the  ratios 

^  =  17r-»  — I6r"ii,and 
Pi 

!^  =  17  — 16r-S, 
Pi 

and  their  reciprocals,  for  a  series  of  values  of  the  admission  or 

effective  cut-off,  —,  increasing  at  first  by  differences  of  0*025,  and 

afterwards  by  differences  of  0'05.  Intermediate  values  of  those 
ratios  can  easily  be  interpolated  when  required. 

288  A.  ExaotplM  •f  the  Acttoa  •f  Drr  SatwralMl  Mcani. — ^The  fol- 
lowing examples,  being  taken  from  the  performance  of  actual 
engines,  are  intended  at  once  to  illustrate  the  use  of  the  formuhe 
in  Articles  287  and  288,  and  to  compare  their  results  with  those  of 
experiment. 

In  comparing  the  results  of  formulae  for  the  expansive  working 
of  steam  with  those  of  the  indicator  diagrams  of  engines,  it  is  not 
to  be  expected  that  the  indicated  pressures  corresponding  to  parti- 
cular volumes,  during  or  at  the  end  of  the  expansion,  will  closely 
agree  with  those  given  by  calculation ;  because  considerable  devia- 
tions, alternately  upwards  and  downwards,  arise  from  the  friction 
of  the  indicator,  the  elastic  vibrations  of  the  indicator  spring,  and 
the  pulsations  of  the  particles  of  the  steam  itself.  In  the  course 
of  a  complete  stroke,  however,  those  deviations  neutralize  each 
other,  so  that  the  indicated  mean  effective  pressure  ought  to  agree 
with  that  given  by  theory,  if  the  theory  is  sound.  About  half  a 
pound  on  the  square  inch,  or  72  Iba  on  the  square  foot,  may  be 
considered  as  an  ordinary  limit  of  error  in  indicator  diagrams 
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289.  Ralea  Ur  Bcwriy^dhT  fltMiM.~The  rules  of  Articles  287  and 
288  are  accurate  for  one  mode  of  expansive  working  only.  The 
first  five  rules  of  the  present  Article  are  applicable  to  all  modes  of 
expansive  working,  provided  only  that  the  cylinder  is  supplied  with 
heat  enough  to  prevent  any  large  quantity  of  liquid  water  from 
accumulating  in  it;  so  that  the  steam  may  be  said  to  be  nearly 
dry;  and  the  last  six  rules  give  results  for  proposed  engines,  that 
are  accurate  enough  for  most  practical  purposes. 

In  fig.  1  10a  let  A  F  G  B  H  K  A  represent  the  indicator  diagram 
of  any  steam  engine,.  F  being  the  point  of  admission,  G  that  of 
cut-off,  B  the  point  of  release,,  where  the  exhaust  port  is  opened,  H 
the  end  of  the  forward  stroke,  and  K  the  point  whera  "cushioning** 
(if  any)  begins  (see  page  420.)  Let  the  horizontal  line  through  C 
be  the  zero  line  of  absolute  pressures,  so  that  heights  above  that 
line  represent  absolute  pressures  of  the  steam ;  B  0,  for  example, 
l)eing  the  absolute  pressure  at  the  instant  of  release. 

Through  B  draw  B  A  parallel  to  the  zero  line;  and,  if  necessary. 
Bet  back  the  point  A,  so  as  to  allow  for  clearance  (see  page  418), 
in  order  that  the  length  A  B  may  represent  the  whole  volume  of 
steam  contained  in  the  cylinder  and  ports  at  the  instant  of  release. 
From  A  let  fall  the  perpendicular  A  O  upon  the  zero  line.  Then 
horizontal  distances  on  the  diagram  from  the  line  OAF  represent 
volumes  occupied  by  the  steam  in  the  cylinder. 

Then  if  we  calculate  in  a  series  of  particular  cases  by  equation 
5  of  Article  287,  pctge  399,  a  quantity  which  may  be  called  the 
hbol  ofrdeasey  consisting  of  the  total  heat,  sennble  and  latent,  of 
the  volume  of  steam  A  B  at  the  absolute  pressure  C  B,  together 
with  the  quantity  of  heat  which  that  steam  would  carry  off  from 
the  cylinder  and  valve  ports,  supposing  it  to  expand  down  to  the 
back  pressm*e  without  liquefaction,  that  quantity  is  found  to  be 
given  approximately  to  the  accuracy  of  about  1  per  cent  by  the 
fbllowing  rule : — 

I.  Multiply  the  product  of  the  absolute  pressure  and  volume  of 
the  steam  at  the  point  of  release  by  16  for  a  condensing  engine,  or  by 
15  for  a  non-condensing  engine.  The  result  will  be  the  mechanical 
equivalent  of  the  heat  of  release,  nearly. 

To  represent  the  preceding  rule  graphically,  in  fig.  110a  produce 
A  B  to  D,  making  AD  =  16AB  for  a  condensing  engine,  or 
15  A  B  for  a  non-condensing  engine;  complete  the  rectangle 
A  D  E  O;  then  the  area  of  that  rectangle  (=  16  or  15  A  B  •  B  C) 
represents  the  heat  of  release,  in  units  of  work. 

The  area,  A  B  H  K,  of  that  part  of  the  steam  diagram  which 
lies  below  tiie  pressure  of  release  represents  a  portion  of  heat  saved 
out  of  the  heat  of  release,  by  conversion  into  mechanical  work;  and 
the  area,  A  F  G  B,  of  ihsX  part  of  the  steam  diagram  whidi  lies 
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above  the  pressure  of  release  represents  an  additional  expeAditnre 
of  heat,  all  of  which  is  converted  into  work.  Hence  the  following 
rules:— 

II.  Whole  heat  expended  on  the  steam  =  area  A  D  £  O  +  &rea 
AFGB. 

III.  Heat  converted  into  mechanical  work  =  area  A  F  G  B  H  K. 
lY.  Heat  rejected  with  the  exhaust  steam  =  area  A  D  £  O  — 

area  A  B  H  K. 

rr   T?«  •  4^x1,    ^  area  A  F  G  B  H  K 

V .  Efficiency  of  the  steam  = a  tm?  r^  j_ j— ewTT>. 

•^  area  A  D  £  O  +  area  A  F  G  B 

In  applying  the  same  principles  to  proposed  engines,  the  same 
assumption  may  be  made  as  in  Article  278,  pages  37 5  to  377;  that 
is,  A  B  may  be  treated  as  representing  the  whole  cajiacity  of  the 


Fig.  110a. 

cylinder;  and  K  A  F,  F  G,  B  H,  and  H  K,  as  straight  linea.  Also, 
the  expaussion  curve  G  B  may,  without  material  error,  be  treated 
as  a  common  hyperbola.  To  produce  such  a  curve,  the  steam  must 
contain  a  little  liquid  water  on  its  admission,  or  immediately  after- 
wards; and  that  water  must  be  evaporated  during  the  expansion 
by  means  of  heat  communicated  to  it  from  the  cylinder,  which 
must  receive  heat  either  by  jacketing  or  by  superheating. 
Then  the  following  approximate  rules  are  applicable : — 
VI.  To  calculate  the  aJbsolvJU  pressure  ofrdeasQ;  divide  the  initial 
absolute  pressure  by  the  rate  of  expansion;  that  is  to  say,  make 

p.=^^ (1) 

YII.  To  calculate  the  ratio  of  the  mean  absoliUe  pressure  to  the 
initial  absolute  pressure;  make 

p^       I  +  hyp  log  r^  ^2) 

Pi  ^ 

r  denoting  the  rate  of  expansion.     For  values  of  this  ratio  and  its 
reciprocal,  see  Table  XL,  page  443. 


:i 
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YIIL  To  calculate  the  mean  €jffhetic$  pressure;  from  the  mean 
absolute  pressure  subtract  the  mean  back  pressuroi  estimated  as  fn. 
Article  280,  page  382;  that  is  to  say,  as  before; 

Mean  effective  pressure  =  p^  —  pi (3.) 

IX.  To  find  a  preaeure  equivcdent  to  the  rate  of  easpendUure  of 
avaiUable  heat:  to  the  mean  absolute  pressure  add  15  times  the 
pressure  of  release  in  a  condensing  engine,  or  14  times  that  pressure 
in  a  non-condensing  engine;  that  is  to  say,  make,  in  condensing 
engines; 

Pk^Pm+  l^Ptl (4.) 

or  in  non-condensing  engines, 

P»  =P«  +  l*ft (4^) 

X.  The  efficiency  of  the  steam,  as  before,  ia 

2^^-=^ (5.) 

Pk  ^   ' 

XI.  The  mechanical  equivalent  of  the  reeded  heat  is  found  by 
multiplying  the  space  swept  through  by  the  piston  by 

15  p2  'k'Pz  ^  condensing  engines; (6.) 

or  1 4  p2  +  J's  ^  non-condensing  engines (6a.) 

Example. — Data — Condensing  engine,  absolute  initial  pressure 
p^  =  34  lbs.  on  the  square  inch. 

Bate  of  expansion,  r  =:  5, 

Mean  back  pressure,  p^  =  i  lbs.  on  the  square  inch. 

Bendte.-^h)  Pressure  of  release,  p^zspj^  ^  6  =z  6*8  lbs.  on  the 
square  incL 

(2.)  ?- =  l±Mi2i£  =  2;^  =  0-522. 
Pi  5  5 

Therefore,  mean  absolute  pressure,  ;>«,  =  34  X  0*522  =  17*75 
lbs.  on  the  square  inch. 

(3.)  Mean  effective  pressure, p^  — p^ss  13*75  lbs.  on  the  square 
inch. 

(4.)  Pressure  equivalent  to  rate  of  expenditure  of  available  heat, 
Pj, s=  17*75  +  (15  X  6*8)  =  11975  lb&  on  the  square  incL 

(5.)  Efficiency  of  steam  =  ^-^  ^  =  0-115. 

(6.)  Mechanical  equivalent  of  rejected  heat  c=  space  swept 
through  by  piston  x  106  lbs.  on  the  square  inch.* 

*  The  roles  of  this  Article  first  appeared  in  the  Engineef  of  the  5tli 
Janiiaiy*  1866^  where  examples  are  given  in  greater  detaiL 


408  8IXAM  AMD  OTHSR  HXiLT  XirGnffB& 

Example  IL,  oalcolated  by  approximate  formnle : — 
Data — 

Lbt.oiit]M 
iqaanuiob. 

M«mpre«ui«ofadmi«ion,^,, io6i 

1*4 

Back  preasure,  ^, 3-65 

Mean  cut  offi  -  =  -067  =  ^. 

r  15 


Mean  gross  pressore,  ^^  =  106^  x  *232, =  24*6 

Mean  effectiye  pressure;    \Tj^\  calculated, 20*95 

observed, 21*00 

Difference, —  0'05 

Pressure  equivalent    to    expenditure  of   heat ) 

=  p»  -J.  144, / 

Efficiency,  019. 

The  detailed  measurements  of  one  set  out  of  the  series  of  diagrams 
from  which  the  power  of  this  engine  was  ascertained,  have  abeady 
been  given  in  Article  43,  page  51.  The  engine  was  double 
cylindered,  and  the  mean  effective  pressura  has  reference  to  the 
second  or  laiger  cylinder,  which  was  /our  iimea  the  capacity  of  the 
smaller. 

Lbs.  on  the 
equanineh. 

In  page  51,  there  is  given  as  the  mean  effective 
pressure  in  the  first  or  smaller  cylinder, 56  *o 

To  reduce  this  to  an  .equivalent  pressure  in  the 

second  or  laiger  cylinder,  divide  by  4;  then  -^      =14*0 

Add  the  mean  effective  pressure  in  the  larger 
cylinder, 7'i3 

Total  reduced  mean  effective  pressure, 2i'i3 

This  is  the  result  of  one  set  of  diagrams.     The  mean  effective  pres 
lore  of  21  lbs.  on  the  square  inch  given  in  the  recent  comparisons^ 
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18  the  mean  of  the  results  of  several  sets  of  diagrams;  and  the  same 
is  the  case  with  respect  to  the  226  indicated  horse-power. 

It  may  be  obserred,  that  in  Example  I.,  the  exact  and  the 
approximate  formnlse  deviate  equally,  though  in  opposite  diree- 
tions,  from  the  result  of  experiment,  and  that  in  Example  II.  the 
approximate  formula  agrees  the  more  closely  with  experiment  of 
the  two.  But  as  the  diiferences  in  all  these  cases  are  much  within 
the  limits  of  those  which  the  errors  of  observation  and  the  uncer- 
tainties of  the  data  are  capable  of  causing,  the  closeness  of  the 
agreement  in  each  case  must  be  considered  as  partly  accidental ; 
and  the  results  of  the  comparisons  between  theory  and  experiment 
prove  simply,  that  for  initial  pressures  up  to  about  120  Iba.  on  the 
square  inch,  both  the  exact  and  the  approximate  formulae  agree  with 
experiment  closely  enough  for  practical  purposes. 

Further  to  illustrate  the  application  of  the  approximate  formulce, 
the  foUowing  tables  of  examples  are  given,  in  which  the  mean 
effective  pressures,  Pm—Pz^  ^^  pressures  equivalent  to  the  expendi- 
ture of  heat,  pia  the  efficiencies  of  the  steam,  and  the  quantities  of 
fuel  consumed  per  indicated  horse-power  per  hour,  are  computed 
for  a  regular  series  of  values  of  the  initial  absolute  pressure,  ^7^  and 
of  the  ratio  of  expansion,  r,  on  the  assumption,  that  the  mean 
absolute  back  pi'essure  in  condensing  engines  is  4  Iba  on  the  square 
inch,  and  in  non-condensing  engines,  18  lbs. ;  and  that  the  available 
heat  of  combustion  of  1  lb.  of  the  coal  employed  is  5,400,000  foot- 
lbs.  This  value  of  the  available  heat  per  pound  of  coal  has  beer 
chosen  because  of  its  having  been  the  ascertained  value  in  a  number 
of  recent  experiments  upon  marine  boilers  of  ordinary  construction 
and  proportions,  with  good  ordinary  steam  coaL  It  is  easy  to 
modify  the  numbers  in  the  table  to  suit  any  other  value  of  the 
available  heat  of  combustion.  Take,  for  instance.  Example  Y.  for 
a  condensing  engine  with  the  admission  0*1  of  the  stroke.  The 
consumption  of  coal  is  stated  to  be  2*07  lbs.  per  indicated  horse- 
power per  hour,  for  coal  whose  available  heat  of  combustion  in  the 
furnace  and  boiler  employed  is  5,400,000  foot- lbs.  But  if  by  using 
an  improved  furnace  and  boiler,  and  also  a  better  quality  of  coal, 
the  available  heat  of  combustion  can  be  increased  to  10,000,000 
foot-lbs.  per  pound  of  coal,  being  greater  than  the  previous  amount 
in  the  ratio  of  100  to  54,  and  corresponding  to  an  effective  eva- 
porative power  of  13*4,*  then  the  consumption  of  coal  per  indicated 
horse-power  per  hour  will  be  reduced  to 

0-54  X  207  =  1-12  lb. 

*  This  erapontiTe  power  was  somewhat  exceeded  in  the  boiler  of  the  ''Thetis," 
dnring  a  short  experiment  already  referred  to  in  Article  234,  Example  IX.,  pige 
297. 
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289  A,  c«BdcMfBg  HUgh  prewaM  Eaghiea. — ^This  term  may  be 
applied  to  engines  such  as  Mr.  Beattie*8  locomotives^  in  which, 
although  the  steam  is  discharged  fix)m  the  cylinder  at,  or  a  little 
above,  the  atmospheric  pressure,  a  portion  of  it  is  condensed  for 
the  purpose  of  heating  the  feed  water,  the  remainder  being  used 
to  make  a  blast  in  the  chimney.  This  is  effected  by  conducting 
steam  through  a  branch  from  the  exhaust  pipe  into  a  close  vessel, 
through  which  there  falls  a  shower  of  water  from  the  water  tank. 
From  the  bottom  of  that  vessel  water  is  drawn  by  the  feed  pump, 
and  forced  into  the  boiler,  its  temperature  being  usually  about 
200°  Fahrenheit 

In  applying  the  exact  formulss  to  this  case,  T^  is  to  be  made 
=  200°  Fahrenheit,  or  whatever  other  temperature  the  feed  water 
may  hava 

In  applying  the  approximate  formulse,  the  results  of  the  follow- 
ing calculation  will  in  general  be  found  sufficiently  accurate. 

The  approximate  expression  already  given  for  the  expenditure 

of  heat  per  unit  of  volume  swept  through  by  the  piston,  viz.,  — ^^, 

was  obtained  upcn  the  supposition  of  the  temperature  of  the  feed 
water  being  104°^  or  thereabouts.  Beferring  to  Article  215  A, 
and  to  the  Table  in  page  256,  let/*  denote  the  "/actor  of  evapora- 
tion** for  the  boiling  point  of  the  water  in  the  boiler,  and  for  the 
temperature  of  feed  water  104°;  and  let/'  be  the  factor  of  evapora- 
tion for  the  same  boiling  point,  and  for  the  temperature  of  feed 
water  200°;  then  the  expenditure  of  heat  will  be  reduced  very 

nearly  in  the  proportion --r,  so  that  the  approximate  formula  for  the 

expenditure  of  heat  per  unit  of  volume  swept  through  by  the  piston 
will  now  be 

5L=<.l^ift (1.) 

rvj^      /        r  ^   ' 

For  example,  let  the  boiling  point  be  320°  Fahrenheit,  which 
corresponds  to  a  pressure  of  89-86  lb&  on  the  square  inch  in  all,  or 
75  Iba  above  the  atmosphere  nearly;  then 

/'=l-04;/=M5;  and 
H,      14;,, 


rri 


nearly. (2.) 


The  pipe  for  conducting  steam  from  the  exhaust  pipe  to  the 
condenser  has  a  cock  or  -^ve,  by  means  of  which  its  opening  is 
adjusted  until  it  transmits  the  greatest  quantity  of  steam  com- 
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patible  with  complete,  or  nearly  complete;  condensation.  According 
to  experiments  on  Mr.  Seattle's  engines  described  by  Mr.  Patrick 
Stirling;  about  (me-fourth  of  the  whole  exhaust  steam  is  required 
for  this  purpose^  and  the  remaining  three-fourths  are  adequate  to 
produce  a  sufficient  blast  in  the  chimney. 

290.  I^lflTamice  bclweea  Prei— re  !■  ]i«ll«r»  umA  iHitlal  PrMmre 
ta  OyliBdMr.— Wir«-l»niwB  Sicani. — The  fall  which  the  pressure  of 
the  steam  undergoes  during  its  passage  from  the  boHer  to  the 
cylinder,  is  due  to  the  following  causes : — 

1.  The  resistance  of  the  steam  pipe  through  which  the  steam 
passes  from  the  boiler  to  the  yalye  box. 

2.  The  resistance  of  the  regulator,  or  throttle  valve,  by  which 
the  steam  pipe  is  partially  closed,  in  the  same  manner  with  the 
supply  pipe  of  the  water  pressure  engine,  fig.  40,  Article  132,  page 
140. 

3.  The  resistance  of  the  ''porfo,"  or  steam  passages  through, 
which  the  steam  is  admitted  from  the  valve  box  into  the  cylinder, 
and  which  are  at  times  partially  closed  by  the  valves,  so  as  to  have 
their  resistance  increased. 

4.  The  disappearance  of  actual  eneigy  when  the  steam  passes 
from  the  ports  into  the  cylinder,  exchanging  its  previous  rapid 
motion  for  the  comparatively  slow  motion  of  the  piston. 

It  is  impossible,  in  the  present  state  of  our  knowledge  of  the 
properties  of  steam,  to  calculate  separately  the  losses  of  pressure 
due  to  these  four  causes;  and  even  were  it  possible,  the  complexity 
of  the  resulting  formula  would  be  out  of  proportion  to  its  practical 
utility.  All  that  can  for  the  present  be  done  is  to  use  the  theory 
of  the  discharge  of  gases  through  orifices,  as  explained  in  Article. 
254,  in  order  to  find  the  probable  form  of  an  approximate  formula 
for  the  whole  loss  of  pressure,  and  to  determine  a  constant  co-effi- 
dent  in  that  formula  empiricaUy  from  experiments  on  existing 
engines. 

The  best  collection  of  experimental  data  on  this  subject  is  con- 
tained in  Mr.  D.  K.  Clark's  work  on  Railtoay  Machinery,  These 
data  are  taken  partly  from  the  experiments  of  Messra  Qouin  and 
LechateUer,  and  partly  fi-om  Mr.  Clark's  own  experiments;  and 
are  to  a  certain  extent  reduced  to  general  laws. 

Amongst  other  general  results,  Mr.  Clark  finds  that  the  effect 
of  the  resistance  in  the  steam  pipe  is  inappreciable,  when  the 
sectional  area  of  that  pipe  is  not  less  than  xV  of  the  area  of  the 
piston  for  steam  in  an  ordinary  state  as  to  dr3mess,  and  not  less 
than  IT  for  steam  in  a  very  dry  state;  the  mean  speed  of  the  piston 
not  exceeding  600  feet  per  minute,  or  10  feet  per  second  It 
follows,  that  in  a  well  constructed  engine,  the  steam  pipe  should 
be  so  proportioned,  that  supposing  the  density  of  the  steam  to  be 
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the  same  in  it  and  in  the  cylinder,  the  Telocity  of  the  steam  through 
the  steam  pipe  shall  not  exceed  about  100  feet  per  second,  and 
then  the  resifltance  in  the  pipe  may  be  neglected.  This  result  is 
corroborated  by  the  known  effect  in  practice  of  the  ordinary  rule, 
that  where  the  velocity  of  the  piston  is  from  200  to  240  feet  per 
minute,  the  area  of  the  steam  pipe  should  be  about  -h  of  that  of  the 
piston* 

The  resistance  of  the  reguhitor  in  a  properly  proportioned,  steam 
pipe  is  inappreciable  when  it  is  wide  open ;  and  when  it  is  partially 
closed,  the  investigation  of  mathematical  relations  between  the 
resistance  and  the  opening  is  practically  unimportant,  because  the 
extent  of  opening  of  the  regulator  required  to  produce  any  given 
reduction  of  pressure  in  any  existing  engine  can  easily  be  found  by 
trial 

There  remain  to  be  considered,  the  resistance  of  the  cylinder 
ports,  and  the  loss  of  head  on  entering  the  cylinder. 

In  Article  254,  equation  1,  is  given  an  expression  for  the  velocity 
of  a  gas  rushing  through  an  ori£oe,  from  a  space  in  which  the 
pressure  is  p^^  into  a  space  in  which  the  pressure  is  p^  To  prevent 
confusion,  and  to  adapt  the  equation  to  the  notation  of  the  present 
section, 

Put  p^  to  stand  for  the  pressure  in  the  boiler  and  valve  chest, 
instead  of  p. ; 

And  p„  t\e  initial  pravmre  in  the  cylinder,  instead  of  p,; 

Also  put  V  instead  of  u  to  denote  the  greatest  velocity  of  flow. 

Square  both  sides  of  the  equation;  divide  by  2^;  and  for 

__  .  0_-P  substitute  its  equivalent,  K,;  then  we  have  for  the 
head  due  to  the  maximum  vdacity  Y — 


2y 
which  for  steam,  treated  as  a  perfect  gas,  becomes 

?=-"•.{'-©""} « 

From  analogy  with  the  flow  of  liquids  and  of  air,  it  is  probable 
that  when  besides  producing  a  current  of  steam  of  a  certain 
velocity,  the  difference  of  pressure  has  also  to  overcome  the  friction 
of  a  passage,  the  left-hand  side  of  the  preceding  equation  should  be 
multiplied  by  1  +  F,  F  being  a  "  fisu^r  of  resistance*'  (as  in  Article 
99). 

The  quantity  Y^,  being  the  mean  square  of  the  velocity  with 
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wHcli  the  steam  enters  the  eylmder,  may  be  treated  as  the  product 
of  three  fiwtorB,  yi«. :-         '  '       ^ 

The  square  of  the  mean  velocity  of  the  piston  (let  this  be  denoted 
by  V^); 

The  square  of  the  ratio  in  which  the  area  of  the  piston  exceeds 


the  a):ea  of  the  port  (  -^j ; 


A  factor  depending  on  the  figure  and  manner  of  motion  of  the 
valve. 

For  simplicity's  sake,  take  the  product  of  this  last  factor,  and  of 
the  &ctor  1  +  F,  which  may  be  denoted  by  one  symbol,  B.  Then 
the  formula  for  the  "  loss  of  head  "  sustained  by  the  steam  becomes 


^9 


^==3667,{l-(ay"'}; (2.) 


giving  the  following  formula  for  computing  the  ratio  in  which  the 
absolute  pressure  of  the  steam  falls: — 

jt?^"-  I  2^x366-7ria2/      ^  ^^ 

The  co-efficient,  B,  is  to  be  determined  empirically.     As  a  basis 

for  this  determination  in  the  case  of  dry  steam  may  be  taken  one 

of  the  general  conclusions  arrived  at  by  Mr.  Clark,  viz.,  that  when 

A  p 

—  =  15,  and  V  =  10  feet  per  seccmd,  -^  ^  0*84  nearly;  the  pres- 

a  p^ 

sure  in  the  valve  chest,  p^,  being  on  an  average  90  lbs.  on  the  square 

inch  or  thereabouts^  and  consequently  the  absolute  temperature 

cj  =  320°  +  46r-2  =  78r-2  nearly. 

These  data  give  B  =  32*4,  and  consequently 

B  32-4  1 


2^X366-7  ""23615-5      726' 
so  that  equation  3  becomes 


p,- r    726ria«;    ^^ 


In  all  cases  in  which  the  difference  between  pt  and  p^  ia  small, 
the  following  fonnula  is  a  sufficiently  close  approximution : — 

Pi-l        ^"^'   ■  (5\ 


416  8TBAM  AND  OTHER  HBAT  BNaiKBS. 

The  following  example  is  a  case  to  which  the  approximate  for- 
mula does  not  applj.  The  data  are  such  as  are  sometimes  met  with 
in.  Cornish  single  acting  engines : — 

A 

Y'  =  2^  feet  per  second;  -=120; 

rj  =  745'2;  whence 

^  =  0-8336       =0-458; 
Pt 

so  that  i£p^  zs.  52-52  lb&  per  square  inch,  p-^  =  24  lbs.  on  the  square 
inch. 

In  the  next  example,  the  approximate  formula  is  applicable; 
and  the  data  are  such  as  are  very  commonly  met  with  in  double 
acting  expansive  engines. 

V  =  4  feet  per  second;  —  =  25; 
Ti  =  266**  +  46F-2  =  727°-2 ;  whence,  by  equation  5, 

SO  that  if  j9»  =5  39*2  lbs.  on  the  square  inch,  j>^  s  36-2  lbs.  on  the 
square  inch,  the  loss  of  pressure  being  3  lb&  on  the  square  inch. 

It  appears  further,  from  the  experiments  of  Mr.  Clark,  that  the 
loss  of  pressure  of  misty  steam  in  traversing  passages  exceeds  that 
of  dry  steam  in  a  proportion  which  cannot  be  computed  with 
any  approach  to  precision,  but  which  ranges  from  1^  to  2^  and 
sometimes  even  to  3. 

The  lo88  of  head  which  occurs  during  the  passage  of  steam  from 
the  boiler  to  the  cylinder,  does  not  wholly  represent  toasted  enjsrgy; 
for  being  expended  in  friction,  it  produces  heat;  so  that  steam 
which  has  had  its  pressure  lowered  by  the  resistance  of  passages, 
or  as  it  is  called,  has  been  wire-drawk,  is  superheated  (that  is,  is  at  a 
temperature  higher  than  the  boiling  point  corresponding  to  its 
pressure,  although  lower  than  the  temperature  in  the  boiler),  as 
has  already  been  stated  in  Article  253.  Even  supposing,  however, 
that  no  energy  is  directly  wasted  when  steam  is  wire-dmwn,  there 
is  still  an  indirect  waste  of  energy  from  the  lowering  of  its  pres- 
sure, which,  by  diminishing  the  forward  pressure  upon  the  piston 
as  comparad  with  the  back  pressure,  and  by  diminishing  the 
extent  of  expansive  working  of  which  the  steam  is  capable,  lowers 
its  efficiency. 

When  an  engine,  therefore,  has  to  work  against  a  diminished 
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resistance,  it  is  better  to  diminisli  the  meaa  effective  pressure 
by  cutting  off  the  admission  earlier,  and  so  working  with  a 
greater  ratio  of  expansion,  than  by  contracting  the  opening  of  the 
regulator,  and  so  lowering  the  initial  pressure  by  wire-drawing. 
The  former  method  makes  the  engine  more  economical,  the  latter 
less. 


291.  Eflbcia  mt 
deviations  of  the 
diagram  of  energy 
of  a  steam  engine 
from  the  ideal  form 
have  already  been 
considered  inci- 
dentally in  the 
preceding  Articles 
of  this  section.  In 
the  present  Article 
the  more  impor- 
tant and  usual  of 
these  deviations 
are  to  be  classed 


of  the 


fig.  IIL 


and  considered  more  in  detail 

These  causes  may  be  thus  classed,^- 

Causes  which  affect  the  power  of  the  engine^  as  well  as  the  figure 
of  the  diagram : — 

L  Wire-drawing  at  cut-off 
11.  Clearance. 

III.  Compression,  or  cushioning. 

IV.  Belease. 

V.  Conduction  of  heat 
VI.  Liquid  water  in  the  cylinder. 

Causes  which  affect  the  figure  of  the  diagram  only : — 

VII.  Undulations. 
VIII.  Friction  of  the  indicator. 
IX.  Position  of  the  indicator. 

I.  Wire-dramng  at  Gut-off. — The  valve  by  which  the  steam  is 
admitted  into  one  end  of  the  cylinder,  closes,  in  order  to  cut  off 
the  admission  of  steam,  not  instantaneously,  but  by  d^prees, 
especially  when  it  is  a  slide  valv&  In  consequence  of  this,  the 
loss  of  pressure  by  the  steam  in  passing  from  the  valve  chest  into 
the  cylinder  gradually  increases,  and  the  pressure  of  the  steam  in 
the  cylinder  b^;ins  gradually  to  diminish,  before  the  complete 
closing  of  the  Tialve;  so  that  the  top  of  l^e  diagtam,  which  is 

2  s 
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drawn  during  the  admission  of  the  steam,  instead  of  presenting  a 
straight  line,  A  B  (fig.  Ul),  parallel  to  O  X,  presents  a  drooping 
curve,  convex  upwards,  such  as  A  H  G. 

The  point  of  the  stroke  where  the  compMd  cfatfiiij;  of  the  valve,  or 
ocffozZ  oiU^,  takes  place,  is  usually  marked  on  the  diagram  by  a 
point  o/contrcMryJlexure,  G,  where  the  curve  convex  upwards,  H  G, 
produced  by  wire-drawing,  touches  the  curve  of  expansion,  G  C, 
which  is  concave  upwards.  The  steam  begins  to  a  certain  extent 
to  work  expansively  before  the  valve  is  completely  closed,  and  the 
energy  exerted  is  nearly  the  same  as  if  the  valve  dosed  instan- 
taneously at  a  somewhat  earlier  point  of  the  stroke,  which  may  be 
called  the  virtual,  or  effective  cvl-off.  To  find  approximately  that 
point,  produce  the  expansion  curve,  0  G,  upwards,  and  draw  the 
straight  line,  A  B,  to  meet  it;  then  the  point  B  marks  the  effective 
cut-off,  and  determines  the  effective  ratio  of  expansion  to  be  used 
in  computing  the  efficiency. 

IL  GlecMrance  is  a  term  used  to  include,  not  merely  the  dearanoe 
proper,  which  is  the  space  between  the  piston  and  the  end  of  the 
cylinder  to  which  it  is  nearest  at  the  end  or  beginning  of  a  stroke, 
but  also  the  volume  of  the  ports,  and  generally  the  whole  minimufn 
space  between  the  piston  and  the  valves.  It  is  evident  that  this 
space,  ajs  well  as  the  space  through  which  the  piston  sweeps,  has 
to  be  filled  with  steam. 

The  clearance,  for  purposes  of  oalculation,  is  expressed  in  the 
form  of  a  fraction  of  the  space  swept  through  by  the  piston  during 
a  single  stroke.  Let  A  be  the  area  of  the  piston,  a  the  length  of 
its  stroke;  then 

vohtme  of  dearanoe  ^^  ,^  . 

As ^  *' 

is  the  firaction  in  question,  and 

voliMne  of  dearanoe  ^  e  A  8 « (2.) 

The  length  ofcpUnder  equivalent  to  thi  deanvitwe  is 

vdwmA  ofdearamoe 


A 


OS (3.) 


The  value  of  the  fraction  c  ranges  from  i  to  i^,  and  sometimes 
less,  in  different  engines,  being  greatest  in  the  smallest  engines. 
The  equivalent  length  of  cylinder  c  a  varies  less,  being  usually 
from  one  to  two  inches. 

The  clearance  affects  the  ratio  of  expansion  in  the  following 
manner : — 

isx  fig^  111,  let  B.F  ss=  A  «  represent  the  whole  space  swept 
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through  by  the  piston  per  stroke;  and  let  LK  =  !NA  =  eA9 

represent  the  clearance.  The  steam  being  cut  off  at  B,  A  B  in  the 
diagram  A  B  C  £  F  A  appears  to  represent  the  volume  of  steam 
in  the  cylinder  at  the  instant  of  cut-off,  and 

AB_1    F5_  , 
n*""J^'AB""    ' 

are  the  apparent  cut-off  and  ratio  of  expansion.     But  the  real 

volume  of  steam  in  the  cylinder  at  the  instant  of  cut-off  is  NB^ 

and  it  expands  to  the  volume  L  I;  so  that  the  real  cut-off  and 
ratio  of  expansion  are 


1 

NS 

i.+. 

LI 

l  +  « 

r 

LI 

■l+c» 

•■  =  NB^ 

l+« 

If  the  steam  is  completely  exha/ustect  from  the  ci/linder  dwring  each 
rebum  strokey  the  clearance  produces  the  following  effect  on  the 
expenditure  of  steam  and  of  heat     The  apparent  volume  of  steam 

admitted  per  stroke  being  A  B,  and  the  real  volume  N  B,  the 
expenditure  of  steam,  and  consequently  of  heat,  is  increased  by 
reason  of  the  clearance  in  the  ratio 


On  the  same  supposition,  that  the  steam  is  completely  exhausted 
during  each  return  stroke,  the  energy  exerted  on  the  piston  per  pound 
of  steam  is  diminished  neariy,  but  not  quite,  by  the  amount 

^liPi-p^'Y^r^ i^-) 

Vi  being,  as  usual,  the  volume  of  one  pound  of  steam  when  admitted, 
Pi  the  pressure  of  admission,  and  p^  the  mean  back  pressure.  The 
diminution  of  energy  exerted  is  not  quite  to  the  above  amount; 
because  the  energy  with  which  the  steam  rushes  in  to  fill  the 
clearance  is  expended  partly  in  impulse  against  the  piston,  and 
partly  in  producing  heat  by  friction  amongst  the  particles  of  steam, 
and  that  heat  superheats  the  steam,  and  makes  a  less  quantity 
suffice  to  fill  a  given  space  at  a  given  pressure. 

If  the  whole  of  the  energy  per  pound  of  steam  denoted  by  the 
expression  6  were  lost,  it  would  reduce  the  effioiency  qfthe  steam  in 
the  proportion  of 
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ILL  Compreasiony  or  cusTdoning,  is  effected  by  cloRing  the  educ- 
tion valve  before  the  end  of  the  return  stroke;  for  example,  at  the 
point  corresponding  to  M  on  the  diagram.  This  confines  a  certain 
quantity  of  steam  in  the  cylinder,  which  is  compressed  by  the  piston 
during  the  remainder  of  the  return  stroke,  the  rise  of  its  pressure 
being  represented  by  some  such  curve  as  M  A«  In  the  figure,  that 
curve  is  made  to  terminate  at  A,  in  order  to  represent  the  most 
(advantageous  adjustmeni  of  the  compression,  which  takes  place 
when  the  quantity  of  steam  confined  or  ''  cushioned*'  is  jfuuft  mffl- 
dent  to  JUL  the  dearamce  at  the  inilial  preseurepy 

An  approximate  formula  for  adjusting  i^e  compression  is  as 
follows : — 


K 


#  =  c/.(£5)fo (8.) 

I  W 


The  effect  of  this  adjustment  is  to  save  all  the  additional  expen- 
diture of  steam  per  sti'oke  denoted  by  c  /  in  equation  5,  and  to 
save  also  the  loss  of  energy  per  pound  of  steam  expressed  by  the 
formula  6 ;  so  that  the  eficiency  of  ike  steam  remains  undiminished. 
The  mean  effective  presswre,  however,  is  diminished  in  the  proportion 

1  \\+ef'] 

and  the  presswre  equivalent  to  the  hea^  expended  in  the  same  propor- 
tion ;  so  that  ifp^  —  pg  and^^  respectively  represent  those  quantities, 
calculated,  as  in  previous  Articles,  on  the  supposition  of  there  being 
no  clearance,  they  are  altered  respectively  to 

£^andy-£i-j; (9.) 

1  +cr        1+c/  ^   ' 

while  the  space  to  be  swept  through  by  the  piston  per  minvJie,  per 
indicated  horse-power^  is  at  the  same  time  mcreased  in  the  ratio 

l+c/:l, 

and  becomes 

33000  (1  +  c  /) 

\tJLin  in  cubic  feet, (10.) 

when  the  pressures  are  expressed  in  pounds  on  the  square  foot 
In  the  case  which  has  now  been  considered  of  adjusted  cushion- 

C  7* 

ing,  the  firaction  ^   ,      .  of  a  whole  cylinderful  of  steam  (clearance 
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indnded),  performs  the  part  of  a  cushion  according  to  the  principles 
laid  down  for  heat  engines  in  general  in  Article  262,  while  the 

fraction  t-^--;  performs  the  effective  work. 

lY.  Rdeaae  means  opening  the  exhaust  port  for  the  escape  of 
the  steam  before  the  forward  stroke  is  finished,  in  order  to  diminish 
the  back  pressura  In  an  engine  in  which  there  is  no  release  (the 
exhaust  port  opening  exactly  at  the  end  of  the  forward  stroke),  the 
diagram  during  the  return  stroke  is  usually  a  curve  more  or  less 
resembling  the  dotted  line  C  M  K;  the  lower  side  of  the  ideal  ditv- 
gram  used  in  calculation  being  a  straight  line  E  F,  so  placed  that 
its  constant  ordinate  p^  is  equal  to  the  mean  ordinate  of  the  curve. 
L  K I  is  a  straight  line,  whose  ordinate  O  L  represents  the  pressure 
in  the  condenser  (or  in  non-condensing  engines,  the  atmospheric 
pressure).  By  making  the  release  occur  early  enough,  for  example, 
at  the  point  corresponding  to  P  in  the  diagram,  -^e  entire  fall  of 
pressure  may  be  made  to  take  place  towards  the  end  of  the  forward 
stroke,  so  as  to  make  the  back  pressiu^  coincide  sensibly  with  that 
corresponding  to  the  ordinate  of  K  I;  and  then  the  end  of  the 
diagram  wlQ  assume  a  figure  represented  by  the  dotted  line  P  I, 
which  is  usually  more  or  less  concave  upwards.     Energy  will  be 

saved  to  the  amount  represented  by  the  rectangle  K  F  x  K  I,  and 
energy  lost  to  the  amount  represented  by  the  area  of  the  figure 
P  C I P;  and  on  the  whole,  energy  will  be  saved  or  lost  according 
as  the  former  or  the  latter  of  those  areas  is  the  larger.  The 
greatest  saving  of  energy  is  insured  by  making  the  release  take 
place  at  a  point  Q  such,  that  about  one-half  of  tiie  fall  of  pressure 
shall  take  place  at  the  end  of  the  forward  stroke,  and  the  other 
half  at  the  commencement  of  the  return  stroke,  as  indicated  by  the 
dotted  curve  Q  E.  S. 

V.  Conditction  of  heat  to  omdjrom  the  metal  of  the  cylinder,  or 
VL  To  <md  from  liquid  water  contained  in  the  cylinder y  has  the 
effect  of  lowering  the  pressure  at  the  beginning,  and  raising  it  at 
the  end  of  the  stroke,  in  the  manner  already  mentioned  incidentally 
in  Article  286,  the  lowering  effect  being  on  the  whole  greater  than 
the  raising  effect.  The  general  nature  of  the  change  thus  produced 
in  the  diagram  is  shown  by  the  dotted  line  G  H I C  F  in  fig.  112. 
The  effect  of  liquid  water  is  much  greater  than  that  of  the  metal 
of  the  cylinder,  and  is  augmented  by  the  increased  resistance  which 
it  produces  to  the  flow  of  the  steam  through  the  ports  (already 
mentioned  in  Article  290),  which  not  only  diminishes  the  pressure 
of  admission,  but  increases  the  back  pressure  (see  as  to  this.  Article 
280).  The  remedy  for  these  evils,  by  heating  the  cylinder  exter- 
nally, has  already  been  mentioned  in  Article  290.. 
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YIL  Undulations,  sach  as  tkoie  sketched  in  £itf.  113,  are  cavsecl 
partlj  by  the  inertia  of  the  indioator  piston^  and  the  elasticity  of 


1%.  US. 


Tig.  118. 


its  q)ringSy  and  parti j  bj  pnlsationfl,  like  waves  of  sound,  in  the 
steam.  When  Isi^e  and  extensive,  they  make  it  extremely  difficult 
to  determine  the  mean  effective  pressure  from  the  diagram.  In 
attempting  te  find  that  pressure,  by  sketching  a  diagram  freed  from 
undulations,  it  is  more  accurate  to  draw  a  line,  such  as  the  dotted 
line  in  the  figure,  midway  between  the  create  and  hollowe  of  the 
waves,  than  to  draw  a  line  enclosing  the  same  area  with  the  wavy 
line. 

VIII.  The  friction  of  the  indicaior,  by  directly  opposing  the 
motion  of  its  piston  and  pencil,  tends  to  make  the  indicated  for- 
ward pressure  less,  and  the  indicated  back  pressure  gi'eater,  than 
the  real  forward  and  back  pressure  respectively,  and  so  to  make  the 
indicated  eneigy  less  than  the  real  energy  exerted  by  the  steam  on 
the  piston;  but  to  what  extent  is  very  uncertain.  According  to 
some  experiments  by  Mr.  Him  {Bulletin  de  MuUwuee,  vols,  xxvii, 
xxviii.),  the  diminution  of  the  indicated  energy  by  the  friction  of 
the  indicator  agrees  nearly  with  the  work  performed  in  overcoming 
the  friction  of  the  steam  engine;  so  that  the  indicator  shows,  not 
the  whole  energy  exerted  by  the  steam  on  the  piston,  but  very 
nearly  the  ueefuL  work  of  the  steam  engine;  but  it  is  doubtful  how 
far  this  principle  is  generally  applicable;  and  other  expeiiments^ 
especially  those  on  screw  steamers,  are  at  variance  with  it. 

IX.  Position  of  Indicator, — Experiments  by  Messrs.  Randolph, 
Elder,  &  Co.,  have  proved  what  might  have  been  expected  from  the 
laws  of  fluid  motion,  that  when  a  rapid  current  of  steam  blows 
across  the  orifice  of  the  nozzle  of  an  indicator,  the  indicated  pres- 
sure is  less  than  the  real  pressure.  Every  indicator,  therefore, 
should  be  fixed,  if  possible,  in  a  position  where  it  is  not  exposed  to 
this  cause  of  error. 

292.    BcwiMaBM    •£  BBgtec  ^  BAdeacT    •f  fllecluialsM.  —  The 

energy  lost  through  the  resistance  of  the  engine  oompi'ehends  that 


JEFFICUENOT  OF  MMCBASlSIL  428 

expended  in  OTeiooming  the  Motion  of  the  mechanigm,  in  working 
the  feed  pump,  in  working  the  air  pamp  and  cold  water  pump  of 
oondensing  engines,  and  generally,  in  overooming  all  resistanceB 
arising  within  the  eiigine  itself,  exeept  the  back  pressure  of  the 
steam. 

Our  knowledge  of  the  amount  of  eneigy  so  lost  is  still  veiy  yague 
and  indefinite.  The  formula  (originally  pro^^osed  by  the  Count  de 
Pambour),  by  which  it  is  calculate  approximately,  is  of  the  follow- 
ing kind: — 

Let  Rj  represent  the  useful  load  of  the  engine,  reduced  by  the 
principle  of  vittual  velocities  to  the  piston  as  the  driving  point,  as 
in  Article  264.  Then  the  prejudicial  resistance,  reduced  to  the 
piston  also,  probably  consists  of  a  constant  part,  which  is  the  resis- 
tanoe  of  the  engine  when  unloaded,  and  of  a  part  increasing  in 
proportion  to  the  useful  load ;  so  that  the  tc4al  resistaTioe,  reduced 
to  tiie  piston,  may  be  expressed  in  the  following  form : — 

R=(l+/)Ei  +  E„j (1.) 

Hq  being  the  resistance  unloaded,  and  /  the  co-efficient  for  the 
variable  part  of  the  resistance. 

Let  A  be  the  area  of  the  piston;  then  the  total  resistance,  pm* 
unU  of  area  of  piston,  which  is  equal  to  the  mean  effective  pressure, 
may  be  thus  expressed  : — 

y.-p,=  5=(i+/)^  +  |> (2.) 

The  effioiawy  qfiks  mechamem  is  given  by  the  formula, 

R  "AO^-^«)-^^^^Ko' ^  '^ 

Ri 

and  this,  being  multiplied  by  the  ^ffidency  of  the  st&vnh,  and  by  the 
^ffideThcy  of  ihe  fwmaos,  gives  the  reguUami  effidency  of  the  whole 
steam  engina 

The  unloaded  resistance  is  known  by  experiment  to  range  from 
^  lb.  to  about  1^  lb.  per  square  inch  of  piston  (being  greatest  pro- 
portionally in  the  smallest  engines),  and  to  be  on  an  av^^age  1  lb. 
per  square  inch;  hence  we  may  put,  approximately, 

-j^  s=r  1  lb.  on  the  square  inch  s  144  lb&  on  the  square  foot.. .(4.) 
The  value  of /in  well  made  engines  in  the  best  order  is  estimated 
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by  the  Count  de  Fambour  at  r*  =  0*143;  and  that  estimate  is  cor- 
roborated by  general  experience,  in  cases  in  -which  there  is  no 
special  cause  for  increased  friction.  In  such  cases,  then,  we  may 
put  for  the  gross  resistance,  in  pounds, 

B  =  1|  Ej  +  A  in  square  inches; (5.) 

and  for  the  efficiency  of  the  mechanism, 

R      A(p,-jP8)      ^.^^^^Ajnmches ^ '' 

In  most  ca«e8  which  occur  in  practice,  a  result  nearly  agreeing 
with  that  of  the  preceding  formula  is  obtained  by  supposing  the 
whole  of  the  prejudicial  resistance  to  be  proportional  to  the  useful 
load;  that  is,  by  making 

R  =  (1+/)R,; (7.) 

BO  that  the  efficiency  of  the  mechanism  is 

R"=T+7 ^®> 

the  value  of/'  being  somewhere  bet-ween  0*2  and  0*25,  and  that  of 
1-^1+/'  between  t  and  t. 

293.  Action  of  Sicaai  agalnat  a  luiow*  Boalataace — Pomboar^ 
ProbioMu — The  nature  of  the  problem  now  to  be  considered  with 
special  reference  to  the  action  of  saturated  steam,  has  already  been 
stated  in  general  terms  in  Article  264.  It  was  first  solved  by  the 
Count  de  Pambour.  In  that  author's  solution,  however,  the 
weight  of  steam  produced  in  the  boiler  in  a  given  time  was  treated 
as  a  known  constant  quantity;  while  in  this  treatise,  it  is  the 
available  heat  of  the  furnace  in  a  given  time  that  will  be  treated  as 
a  known  constant  quantity ;  the  problem  being,  when  that  quantity, 
and  the  ttsejvl  resistance  to  he  overcome  by  the  engine,  and  the  hack 
pressure,  and  also  the  ratio  ofexpa/nsion  are  given,  to  find  Oie  mean 
velocity  vnth  which  the  piston  vnll  move. 

Let  Rj  be  the  useful  resistance,  reduced  to  the  piston.  Then 
the  total  resistance,  as  explained  in  Article  292,  is 

»  =  (!+/)  Ei+B, (1.) 

Divide  this  by  the  area  of  the  piston  or  pistons,  in  a  single  cylinder 
engine,  or  by  the  area  of  the  larger  piston  or  pistons,  in  a  doubl? 
cylinder  engine;  then 


r 
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R 


A 


(2.) 


is  the  mean  effectiTe  pressure. 

Let  r^  be  the  apparent  ratio  of  expansion,  e  the  dearanoe,  then, 
as  in  Article  291,  Division  II.,  we  have  for  the  real  ratio  of  expan- 


sion, 


•^-    l+er' ^^-^ 

Let  the  cushioning  be  adjusted  as  it  ought  to  be  so  as  to  prevent 
appreciable  loss  of  efficiency  bj  clearance;  then,  as  in  Article  291, 
Division  III.,  we  have  for  the  mean  effedbwe  presswre  in  an  id&al 
diagram^  &eed  from  the  effect  of  the  cushioning^ 

_        R 

^-""^^""(l+crOA' 

and  \ (4.) 

R 

''-  =  (l  +  c/)A+^»- 

From  the  real  ratio  of  expansion  r  find,  by  the  approximate  for- 
mulae of  Article  285,  or  Table  VII.,  if  the  cylinder  is  unjacketed, 
or  by  the  approximate  formulie  of  Article  288,  or  Table  VIII.,  if 
the  cylinder  is  jacketed,  the  ratio 

then  the  inUial  jyreaswre  of  the  steam  will  be 

ft=S  ■  ((l+foA+^»)' («•) 

and  the  speed  of  the  engine  will  adjust  itself  so  as  to  maintain  this 
pressure. 

From  the  initial  pressure,  by  the  proper  exact  formulae  of  Article 
284  or  287,  or  approximate  formulae  of  Article  285  or  288,  as  the 
case  may  be,  compute  the  pressvo'e  equivalent  to  the  expendiiwre  of 
lieaty 

«,=  ll  = , ?1 /6\ 

rt?j      efficiency  of  steam  ^  ^  '' 

Let  W  be  the  number  of  lbs.  of  coal  burned  per  minute;  h  the 
available  heat  of  combustion  of  one  lb.  of  coal  in  foot-lbs.;  then 
the  volume  which  the  piston  toiU  evxep  thr(yagh  effectively  per  minute 
will  be 


i 

* 
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1J.A#  =  (1+C70^; (7.) 

«  being  the  lengtk  of  stroke,  A  the  area  of  piston,  and  N  the 
number  of  revolutions  per  minute,  or  the  double  of  that  number, 
according  as  the  engine  is  single  or  double-acting.  This  volume 
being  divided  by  A  gives  the  diaUmce  moved  through  effectively  by 
the  piston  per  minute  ^the  back  strokes  not  being  reckoned  in  a 
single  acting  eugine),  vizl, 

N*=(i+c,0^; (8) 

beiTig  &ie  eoliUion  of  the  prchlem. 

The  indi4Mted  power,  in  foot-lbs.  peir  minute,  is 

KA«(p,-y^^y^      

l  +  cr*  '  ^  ' 

and  the  effective  power 

Il+C/       Aj  XT      T>  /1A\ 

' Y^ =  N#Ri; .(lO-) 

and  these  i()tiantities  are  reduced  to  hone-power,  by  dividing  by 
33,000. 

When  the  effect  of  clearance  is  inappreciable  ^as  is  often  the 
case  in  practice),  the  preceding  IbrmulsB  are  simplified  by  making 
€  —  0,  This  is  the  case  in  the  double-acting  engine  from  which  the 
following  example  is  taken;  being  the  same  engine  which  has 
already  been  referred  to  in  Example  I.  of  Article  289. 

Data. 

Resistance  overcome  at  circumference  \ 

of   wheels,  making  one  turn  per  >  12900  lbs. 

double  stroke, j 

Circumference, 644  feet 

Length  of  stroke  of  piston, 9  =  4*25  „ 

Joint  area  of  large  pistons,  A  =  9192  square  inches;  /  estimlited 

=  l;5  =  llb.  per  «i«ape  inch. 

Back  pressure,  ^3  =  4  lbs.  on  the  square  inch. 

Weight  of  ootl  burned  per  minute W  ns  36  '8  lbs. 

'^^ of^"  ^^  "^  combustioii  of  1  lb.  )    ^  ^  5.400,000  fooUbs. 
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Results. 

Circumference  of  wheels      64*4   .,_- 
Double  stroke ^-^r^^^^^^f 

Ri » 12900  X  ^  =  97736  lbs. 

-~  =5=    *        s  10'63  lb&  per  square  inch. 

j».  -  j?j  =  1+  X  10'63  +  1  =  13'15  Iba  per  square  inch. 
/>.  s=  13'15  +  4*00  =  17*15  lbs.  per  square  inch. 

^  by  Table  VIII.  (for^  =  O-s)  l-9a 

Initial  pressure  j9|=:17'15x  1*98=5  33-96  lbs.  per  square  inch. 

„  l,,,p,<»l™*.  to»..  = 'iiiilSi?  =  105* 

A;>^  =  105-3  X  9192  ==  967,918  lbs. 
hW  =  5,400,000  X  36-8  =  198,720,000  foot-lbs. 

Mean  velocity  of  pistons — 

AW      198,720,000      «^.  „  .  ^  .    , 

A^=     967,918    =  ^^^'^  ^^*  P^""  °^^**^ 

the  actual  mean  velocity  of  the  pistons  was  204  feet  per  minute. 

Indicated  horse-power,  from  (adculated  speed  of  piston —  ^  /.(» *t  J «» fv      - 

205  3  X  13  15  X  9192  _    ^^  f      ^  / 

33,000  ■" 

The  indicated  horse-power  as  observed, 744. 

Effective  horse-power  from  calculated  speed  of  piston — 

205-3  X  97736      .^^ 
33000       =  ^^^ 

Effective  horse-power  from  observed  speed — 

204  X  97736 


33000 


604. 


294.    Cwuummry  VMmSe  •f  atBtfag   Pkmotm. — The  cufitomaiy 
mode  of  stating  pMsnures^  already  described  in  Article  105,  as 


t 


* 
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applied  to  pressures  of  water,  is  also  applied  to  pressures  of  steam  ; 
that  is  to  saj,  the  pressure  is  stated,  as  it  is  shown  by  a  gauge  or 
indicator,  in  jxmnds  per  squa/re  inch  above  or  below  the  atmospheric 
pressure;  a  pressure  lower  than  the  atmospheric  pressure  being 
treated  as  negative;  and  called  "  vacuum,"  Pressures  stated  in  this 
customaiy  manner  are  reduced  to  real  or  absolute  pressures  by 
adding  them  to  the  atmospheric  pressure  if  positive,  and  subtract- 
ing them  from  the  atmospheric  pressure  if  negative.  During 
experiments  on  steam  engines  intended  to  serve  as  a  basis  for  exact 
calculations  of  efficiency,  the  atmospheric  pressure  ought  to  be 
observed  from  time  to  time  by  means  of  a  barometer.  When  it 
has  not  been  so  observed,  it  may  be  guessed  at  14*7  lbs.  on  the 
square  inch,  at  the  level  of  the  sea.  As  to  its  diminution  at  higher 
levels,  see  Article  106. 

To  illustrate  this  by  an  example,  suppose  that  the  atmospheric 
pressure,  during  a  given  experiment,  is  actually  14*7  lbs.  on  the 
square  inch ;  and  that  the  pressure  in  the  boiler,  the  initial  pres- 
sure and  mean  back  pressure  in  the  cylinder,  and  the  pressure  in 
the  condenser,  are  shown  by  the  indicator  and  gauges,  and  described 
in  customary  language,  as  follows : — 

Pressure  in  boiler, 23  lbs.  on  the  square  inch. 

Initial  pressure  in  cylinder, 19  „  „ 

Mean  vacuum  in  cylinder, 10*7  „  „ 

Vacuum  in  condenser, 12*7  „  „ 

Then  the  real  or  absolute  values  of  these  pressures  are — 

Pressure  in  boiler,  jp^  :=  14*7  +  23  =  37*7  lbs.  on  the  square  iocb. 


99  9} 


Meanba<;kpres-)  „^  _  14.7  _  10-7 —  4 

sure, jPs— ^*'      1U/--.4  „  „ 


Pressure  in  con- 
denser, ^  **.*-.       -  „  „ 


} 


14*7 -12*7  =  2 


The  vacuum  in  the  condenser  being  often  measured  by  a  mer- 
curial gauge,  is  sometimes  stated  in  inches  of  m/ercury.  As  to  the 
reduction  of  inches  of  mercury  to  lbs.  on  the  square  inch,  see 
Article  107. 

Section  6. — On  the  Action  of  Superheated  Steam, 

295.  Objects  aad  irtellivds  of  Saperkeailng  aumm. — ^The  principal 

objects  of  heating  steam  to  a  temperature  above  the  boiling  point 
corresponding  to  its  pressure  are  the  following : — 

L  To  raise  the  temperature  at  which  the  fluid  receives  heat,  and 
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80  to  increase  the  efficiency  of  the  fluid  (according  to  the  principle 
of  Article  265) ;  and  that  without  producing  a  dangerous  pressure. 

IL  To  diminish  the  density  of  the  steam  employed  to  overcome 
a  given  resistance,  and  so  to  lessen  the  back  pressure,  according  to 
one  of  the  principles  stated  in  Article  280;  in  customary  phrase, 
"  to  improve  the  vacuum." 

III.  To  prevent  condensation  of  the  steam  during  its  expansion, 
without  the  aid  of  a  jacket. 

Those  three  effects  all  tend  to  increase  the  efficiency  of  the  fluid, 
and  economize  fuel 

Theprincipal  methods  of  superheating  steam  are  the  following : — 

L  Wwe-dravjing^  as  explained  in  Article  290,  which  occasions 
superheating  when  the  pressure  in  the  cylinder  is  much  less  than 
that  in  the  boiler  j  but  seldom  to  an  extent  whose  eflects  can  be 
made  the  subject  of  calculation.  Superheating  in  this  way  takes 
place  more  by  accident  than  design,  and  does  not  secure  all  the 
advantages  just  ascribed  to  superheating;  for  although  the  steam 
in  the  cylinder  is  at  a  temperature  higher  than  the  boiling  point 
corresponding  to  its  pressure,  the  steam  in  the  boiler  is  at  a  higher 
temperature  still,  and  at  the  pressure  of  saturation  corresponding 
to  that  higher  temperature. 

II.  Superheating  hy  the  steam  jacket,  which  takes  place  when  the 
steam  jacket  communicates  more  heat  to  the  expanding  steam  in 
the  cylinder  than  is  necessary  merely  to  prevent  any  of  it  from 
condensing.  It  does  not  appear  that  this  kind  of  superheating 
produces  an  effect  that  can  be  made  the  subject  of  a  definite  calcu- 
lation. Its  extent  is  limited,  as  in  Method  I.,  by  the  temperature 
in  the  boiler. 

III.  Superheating  in  the  steam  chest,  or  upper  part  of  the  boiler, 
by  means  of  flues  traversing  or  surrounding  it.  By  this  method, 
the  steam  may  be  raised  to  a  temperature  somewhat,  but  not  very 
much  exceeding  the  boiling  point  corresponding  to  the  pressure  in 
the  boiler.  This  is  practised  in  many  marine  engines,  and  in  some 
cases  with  the  effect  of  preventing  condensation  in  imjacketed 
cylinders. 

lY.  Superheoitvng  in  tubes  or  passages  which  the  steam  traverses 
on  its  way  from  the  boiler  to  the  cylinder.  By  this  method  almost 
any  required  temperature  can  be  given  to  steam  of  any  pressure. 
It  is  difficult,  if  not  impossible,  to  specify  any  one  as  the  first 
inventor  of  this  process.  Mr.  Frost  was  at  all  events  one  of  the 
first  to  recommend  it  and  cause  it  to  be  put  in  practice.  It  was 
used  many  years  ago  in  the  engines  of  the  American  mail  steamer 
'^  Arctic*'  with  good  effect,  and  has  since  been  used  by  many 
makers  in  many  engines,  chiefly  marine,  with  a  great  variety  of 
forms  of  apparatus,  some  of  which  will  be  described  in  Chapi  lY. 
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T.  Supwheaiing  hy  mixture,  where  a  porfcion  only  of  the  Btoam 
ifl  pcu»ed  through  superheating  tubes,  and  raised  to  a  veiy  high  tem- 
perature, and  then  injected  amongst  the  remainder  of  the  steam  at 
or  near  the  cylinder  ports,  so  as  to  bring  the  whole  mass  of  steam 
to  a  temperature,  intermediate  between  the  boiling  point  cor- 
responding to  'its  pressure,  and  the  temperature  in  the  supers 
heating  tubes.  The  mixture  thus  made  is  called  by  the  Hon. 
John  Wethered,  who  invented  the  process,  ^*  combined  BieajnC* 

YI.  JSuperhaating  in  ths  cylinder^  by  means  of  a  flue  or  of  a 
furnace,  as  in  Mr.  Siemens*s  steam  engine. 

296.  PMTtoiMiai  ■■pyiii<«  m»  !•  Bimi  iiiBi — ^Li  that  scarcity 
of  exact  data  respecting  the  relations  between  the  pressure,  tem- 
perature, and  density  of  superheated  steam  which  at  present 
prevails,  and  which  has  already  been  mentioned  in  Article  206, 
it  is  necessary  to  take  some  probable  cuswnption  as  a  provisioTuU 
basis  for  computations  respecting  the  expenditure  of  heat,  the 
power  and  the  efficiency  of  superheated  steson  engine& 

The  simplest  and  most  convenient  assumption  which  can  be 
made,  and  one  also  which  does  not  involve  the  risk  of  any  serious 
error,  consists  in  considering  superheated  steam  as  a  perfect  gas, 
and  deducing  its  density  fi'om  its  chemical  composition.  Steam 
considered  to  be  in  this  state  may  be  called  gteijmirgas. 

The  formula  for  the  product  of  its  pressure  in  potmda  on  the 
square  foot,  p,  and  the  volume  of  one  pound  of  it  in  cubio  feet,  v,  at 
any  given  absolute  temperature, 

T  =  r  +  46r-3  Fahrenheit^ 

is  as  follows  :~- 

and  the  resulta  of  that  formula,  for  every  eighteenth  degree  of 
Fahrenheit's  scale,  from  T  ^  32^  to  T  =  572°,  are  given  in  the 
column  headed  p  v  in  Table  IX.,  at  the  end  of  this  section. 

In  the  column  of  the  same  Table  headed  H  are  given  the  values 
for  the  same  series  of  temperatures,  of  the  total  heat  ofgas^icaUon 
in  foot-pounds  required  to  raise  one  pound  of  water  from  the  liquid 
state  at  32°,  to  the  state  of  perfect  gas  at  a  given  temperature, 
und^  any  constant  pressure  compatible  with  the  perfectly  gaseous 
state  at  the  latter  temperature.  It  is  assumed  that  saturated 
steam  at  32°  is  perfectly  gaseous,  so  that  the  total  heat  of  gasefica- 
tion  for  that  temperature,  H^  is  simply  the  latent  heat  of  evapora- 
tion, or 

Hg  s  842872  foot-pounds; 
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and  theiiy  aeoovding  to  the  principles  explained  in  Article  258,  we 
have  for  the  total  heat  of  gaaefication  of  one  pound  of  steam-gas  at 
any  other  temperature  in  foot-pounds — 

H  =  Ho+ K^(T-32^  =  842872  + 366-7  (T^32^)...(2.) 

The  following  are  some  equivalent  expressions  for  the  same 
quantity: — 

H  =  662016  +  366-7  r  ==  662016  +  4-29  p  v  nearly...(2  a.) 

The  column  h  gives  the  quantity  of  heat  in  Ibot-pounds  required 
to  raise  one  pound  of  liquid  water  from  32^  to  a  given  temperature; 
the  increase  of  the  specific  heat  of  liquid  water  with  temperature 
being  taken  into  account;  but  in  most  practical  cases  it  is  suffi- 
cienUy  accurate  to  use  the  formula 


A==772fr-32**), 


(3.) 


297. 


IctoBcy  •r  WtwiM  0»»  BxpsBtHac  wigh««t  Oatai  wr  !<••■  9f 

fig*  114,  let  AB  represent  v^,  the  volume  occupied  by 
one  pound  of  steam-gas  when 
first  admitted  into  the  cylinder 
of  an  engine  at  the  pressure  ^ 
p^  =  O.  A.  Let  B  0,  being  an 
"  adiabatic*'  curve  for  steam  gas, 
represent  by  its  co-ordinates  the 
fall  of  pressure  and  increase  of  s 

volume  of  that  fluid  as  it  ex-  _ 

J? 

pandSk  Let  I>C  =: Vj  =  ^ ^ 
represent  the  volume,  and  O  D 
=  ^29  the  pressure,  at  the  end  of 
the  expansion,  which  is  assumed 


— ^o 


Fig.  114. 


not  to  be  carried  so  far  aa  to  canae  any  I4>preeiable  liquefaction  of 
the  steam. 

Let  O  F  =  jD»p  represent  the  mean  back  pressure.  The  probable 
value  of  this  in  a  proposed  superheated  steam  engine  may  be 
estimated  as  fellows : — Let  the  ordinary  back  pressure  in  a  dry 
saturated  steam  engine  working  at  the  same  speed  with  the  same 
ratio  of  expansion  be  denoted  by 

f/  being  the  pressure  of  condensation,  and  p"  the  additional  pres- 
sure. Let  Tj  be  the  absolute  boiling  point  corresponding  to  the 
initial  pressure  p^,  and  r\  the  actual  absolute  temperature  of  the 
steam  admitted.     Then  the  steam-gas  employed  is  less  dense  than 
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saturated  steam  of  tHe  same  pressure  in  a  proportioii  which  may  be 

expressed  aocorately  enough  for  the  present  purpose  by  ^;  so  that 

according  to  a  principle  stated  in  Article  280,  the  prowible  back 
pressure  in  the  superheated  steam  engine  will  be 


Ps  =  P'+7P" 


(1.) 


In  most  cases  which  occur  in  practice,  we  may  put  /?'  =  1  lb.  on 
the  square  inch,  and p"  =  3  lb&  on  the  square  inch;  so  that 


or 


Pg  =  I  +  3  -^  in  pounds  on  the  square  inch, 
''1 

144  -f-  432  -^  in  pounds  on  the  square  foot. 


...(1a.) 


The  equation  of  the  expansion  curve  BC  may  be  assumed  as 
analogous  to  that  of  the  corresponding  curve  for  air,  viz. : — 


p  «  r  — y; 


(2.) 


in  which  y  and  other  indices  and  co-efficients  depending  on  it  for 
steam-gas  have  the  values  given  them  in  Article  251,  viz. : — 


y  =  1-304;  y  — 1=0-304;    1 


1 


—  1 


=  3-29; 


y— 1 


=  4-29; 


1=0-767; 


—  1 


=  0-233. 


(3.) 


Hence,  by  an  investigation  similar  to  that  in  Article  279,  Method 
XL,  is  found  the  following  expression  for  the  energy  exerted  on  the 
piston  by  one  pound  of  steam-gas : — 

AreaABCEFA  =  U=:(p.— p,)r«i 
=  Pi  i?i  (4-29  — 3-29  r-«~)—p3rt?i (4.) 

To  facilitate  the  use  of  this  equation,  a  series  of  values  of  the 
two  following  ratios  and  their  reciprocals  are  given  in  Table  X.  at 
the  end  of  this  section : — 


^^  =  4-29  — 3-39  r-^;, 
Pi 


.(5.) 
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^=  4-29  r-*- 3-29  r-^'*^; (5  a.) 

Pi  >  \      / 

in  which  Table  intermediate  valnes  of  any  ratio  can  be  interpolated 
as  in  Tables  YII.  and  YIII.,  already  explained  The  following, 
then,  is  the  set  of  formulse  to  be  employed  in  computing  approxi- 
mately the  probable  power  and  efSciency  of  superheated  steam 
engines,  according  to  liie  provisional  theory  here  adopted : — 

Data. 

Initidl  pressure,  p^. 

Initial  ahsoltUe  temperatture,  t'j  =  T^  +  461®*2  Fahrenheit. 

BcUio  of  expansion,  r. 

Mean  hack  pressure,  p^  known  directly  by  experiment,  or 
estimated  by  the  formula  1  A ;  the  absolute  boiling  point,  r^  being 
found  by  known  formulae  or  tables. 

Absolute  temperature  of  feed  water,  ^^  =  T^  +  461**'2. 

Temperature  of  condensation,  Tg. 

TemperaJtfwre  of  atrnjospKere,  T^. 

Eesults. 

Pi  «i  found  from  ^^,  by  equation  1  of  Article  296,  or  by  Table 
IX. ;  being  the  gross  energy  exerted  by  the  steam  on  the  piston 
during  its  admission. 

Initial  and  fncU  volumes  of  one  pound  of  steam — 

*'i  =  2^i^i-JPi>  «'2  =  ^^i W 

-^,  and  — ,  found  by  the  equations  5,  6  A,  or  by  Table  X. 
Pi  Pi  ^  ^  '^ 

Energy  exerted  per  p(yand  of  steam;  found  by  equation  4,  or  by 
the  formula — 

V  =  '-^-p.v,-rp,v,; (7.) 

Pi 

Mea/n  effective  pressure — 

/'--/^8=— =J-i>l-P8 (8.) 

Heat  expended  per  pound  of  steam,  in  foot-pounds — 

J  =  842872  +  366-7  (T^  —  ZT)  —  772  (T^  —  32*^,...(9.) 

or  ||  =  H,  — A^; (9  a.) 

H^  and  h^  being  found  by  means  of  Table  IX. 

2f 
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Preamre  equmUeni  to  heat  expended — 

P.=^ (10.) 

Efficiency  of  Steam — 

J^»-/^8^g (11.) 

Net  feed  water  per  cubic  foot  swept  through  by  piston — 

— (12.) 

rvi 

Beat  rejected  per  pound  of  steam — 

i-U (13.) 

Heat  rejected  per  cubic  foot  swepi  thro^h  by  piston — 

fe=^, (u.) 

rvi 
Net  condensation  waier — 

_   heat  rejected  ^. ,-  v 

-772(T5  — Te) ^    '^ 

Available  heaJt  expended  per  indicated  horse-power  per  howr — 

1980000  i (16.) 

In  the  following  example  (which  is  ideal),  the  engines  are 
supposed  to  be  the  same  with  those  already  employed  as  Example 
I.  in  Article  289 ;  and  the  principal  question  to  be  solved  by  the 
calculation  is,  what  would  be  the  probable  increase  of  efficiency  and 
saving  of  fuel  if  the  steam,  being  admitted  at  the  same  mean 
pressure  of  34  lbs.  on  the  square  inch,  and  cut  ofif  at  the  same  mean 
effective  fraction  of  its  final  volume,  0'2,  were  superheated  so  as  to 
be  admitted  at  the  temperature  T'l  =  428^,  instead  of  its  present 
mean  temperature  of  admission,  which  is  about  257^°. 

Data. 

jPi  =  34X144  =  4896; 
t'.^:  428 +  461-2  =889-2. 
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r  =  5. 

719 
;>3=  144  +  ^32  •  gg^  =  493  lbs.  on  the  square  foot, 

(or  3*43  lbs.  on  the  square  inch). 
T^=104. 

Hesults. 

Pi  Vi,  by  Table  IX.,  75976  foot-ponnds 
75976 


1?,  = 


r=  15*52  cubic  feet. 


4896 
^2  =  r  t7i  =  5  X  15-52  =  77*6  cubic  feet 

By  Table  X—         ^^  =  2*28;  ^  =  -456. 
^  Pi  Pi 

Energy  per  pound  of  steam — 

TJ  =  2*28  X  75976  -  493  x  77*6 
=  173225  -  38257  =  134968  foot-pounds. 

Mecm  effecUve  pressure-^ 
p^  -P3  =  *456  X  4896  -  493  » 1740  lbs.  on  the  square  foot, 
=  12*08  lbs.  on  the  square  inch. 
ff  eat  expended  per  pound  of  steam — 

I  =  988085  -  55612  =  932473. 

Fressiure  equivalent  to  heat  expended — 

p^  =    ,y^   =  12016  lbs.  on  the  square  foot 

=  83*44  lbs.  on  the  square  inch. 

Efficiency  of  steam — 

134968     1740     12*08 
932473  ""  12016  ~  83*44  ■"' 

being  superior  to  the  efficiency  with  dry  saturated  steam,  as  com- 
duted  in  Article  289,  Example  L,  in  the  ratio 

•^^^  =  1-18: 1. 
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The  available  heat  expended  per  indicated  horse-power  per  hour 
would  be 

^^;^^  =  13655000  foot-pounds; 
0-140 

and  supposing,  as  in  some  previous  examples,  the  available  heat  of 
combustion  of  one  pound  of  the  coal  employed  to  be 

5400000  foot-pounds, 

the  consumption  of  coal  per  indicated  horse-power  per  hour  would 
be 

13655000 

5400000  "'*^^^^' 

which,  being  subtracted  from  the  actual  consumption,  2-97,  shows 
a  saving  of  0*44  lb.,  or  about  15  per  cent. 

This  is  less  than  the  saving  which  has  usually  been  found  bj 
experiment  to  result  from  superheating ;  the  reason  probably  being, 
that  in  the  preceding  calculation  no  account  is  taken  of  the  in- 
creased efficiency  o/thejumace,  owing  to  the  superheating  apparatus 
taking  up  heat  which  would  otherwise  have  been  wasted. 

To  estimate  the  probable  effect  of  this  cause  in  giving  increased 
economy,  let  us  make  the  supposition  (which  appears  to  have  been 
nearly  realized  in  some  cases],  that  the  wliole  of  the  superheating  is 
effected  by  heat  which  woula  otherwise  have  been  wasted 

Foot-lbfl. 
Then  the  heat  required  to  produce  1  lb.  of  saturated 
steam  at  34  lbs.  on  the  square  inch,  from  water  at 

104°  being. 840,000 

and  the  heat  required  to  produce  1  lb.  of  superheated 
steam  at  428''  Fahrenheit,  from  water  at  104° 
being,  as  computed  before, 933^473 

the  difference, 92|473 

is  to  be  considered,  according  to  the  supposition  made,  as  heat 
saved  by  the  superheating  apparatus;  so  that  the  efficiency  of  the 
furnace  is  increased  in  the  ratio 

932473 

gjg^  =  Ml  nearly; 

and  the  available  heat  of  combustion  of  the  coal,  instead  of 
5,400,000,  becomes, 
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5,400,000  X  Ml  =  6,000,000  fooMbs. 

giving  as  the  probable  consnmptioiL  of  coal  per  indicated  horse- 
power per  hour, 

^^^^^^^^  .  2-28  lbs. 
6000000  -^^^  ^^' 

which,  being  subtracted  from 2*97 


shows  a  saving  of 0*69  lb. 

or  about  23  per  cent  This  agrees  veiy  nearly  with  the  general 
results  of  practice. 

298.   BIBcieacr  •t  Stcani-Claa  Bxprnadlag  nt  C«HaCaat   TemperA- 

iw«. — If  the  temperature  of  steam-gas  be  maintained  constant 
during  its  expansion,  by  means  of  a  flue  round  the  cylinder,  or 
otherwise,  its  action  is  represented  approximately  by  making  the 
curve  B  C,  fig.  114,  a  common  hyperbola,  so  that 

1 
pec-. 

V 

In  this  case,  the  principal  formuLe  are  the  following : — 
£nerffy  exerted  by  1  JJb.  ofetemn 

=:areaABO£FA 

=  TJ  =  (p. -;>3)  r  t?!  =;?i  t?i  (1  +  hyp  log  r)  -  ^8  ^  «r  •  0-) 

!:|=  =  l+hyplogr; (2.) 

Pi 

^_l+hyplog_r 

Pi  ^ 

A  series  of  values  of  these  ratios,  and  of  their  reciprocals,  is  given 
in  Table  XI.  at  the  end  of  this  section. 

The  heat  eoependedper  pound  of  steam  consists  of  the  total  IveaJL  of 
gaB^waXion^from  T^,  the  temperature  of  the  feed  water,  to  T'j,  the 
temperature  of  the  steam-gas,  as  ab*eady  computed  in  Articles  296 
and  297,  and  given  by  the  aid  of  Table  IX.,  and  of  the  laXerd  heaJt 
of  expansion  which  the  steam  receives  to  maintain  its  temperature 
constant  in  the  cylinder,  and  whose  value  is 

Pit7ihyplogr  =  85-44Tjhyplogr  =  jOjt?i  •  ^^  -  ij; (3.) 


\ 
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beuoe,  denoting  the  whole  expenditure  of  heat  per  lb.  of  steam  by  j^, 

=  842872  +  366-7  {T^  -  32*)  -  772  (T^  -  32^ 
+  85-44  hyp  log  r  (Ti  +  461^-2) 

=  662016  +ft  «!  (3-29  +  !1^)  -  772  (T^ - 32^....(4.) 

To  illnstrate  this  mode  of  employing  steam-gas,  let  the  data 
taken  be  the  same  as  in  the  example  of  Article  297;  that  is,  let 

«.  =  34x144=:  4896; 
/=  889-2  =  428^+ 461-2; 
r  =  5; 
^  =  493; 
T4  =  104''. 

BSSULTS. 

j3jVj  =  75976;  «j=  15-52;  r«i  =  77-6;  asbeforeu 

By  Table  XL,        ^^«  =  2-61 ;  ^  =  -522. 
^  Pi  Pi 

Energy  per  lb,  c/Heam — 

U  =  2-61  X  75976  -  493  x  776 

=  198297  -  38257  =  160040  foot-lbs. 

Mean  ^ective  preseiure — 

p^-Ps=^  '522  x  4896 - 493  =  2063  lbs.  on  the  square  foot 

=  14*38  lbs.  on  the  square  incL 

Heat  expendedper  lb.  0/ steam — 

il  =  988085  -  55612  4-  75976  x  1-61 
=  932473  + 122321  =  1054794  foot-lbs. 
Freeaure  equivalent  to  thai  heat — 

1054794      T„;,Qoiu         ^x.  p   * 

^4  =  —  =  13593  lbs.  on  the  square  foot 

=  94-4  lb&  on  the  square  inch. 
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Bffieieney  qf  steam — 

160040  _  2063  _  14-33     ^  ,|.g 
1054794  ""  13593 ""  94-4    —  ^       ' 

heang  superior  to  the  efficiency  with  diy  saturated  steam  in  the 
ratio 

5^  =  1-236  linearly. 

The  available  heat  expended,  per  indicated  horse-power  per  hour, 
would  be  in  this  case 

i^??^  =  13,000,000  foot-lba. 
0*152 

If  the  efficiency  of  the  furnace,  as  in  the  second  mode  of  treating 
the  example  in  Article  297,  be  supposed  to  be  such  that  the  avail- 
able heat  of  combustion  of  I  lb.  of  coal  is 

6,000,000  foot-lbs., 

the  probable  consumption  of  coal  in  the  engine  now  under  con- 
sideration, per  indicated  horse-power  per  hour,  is  found  to  be 

13000000  _  0.17  iba. 
6000000  -''"^^ 

which  being  subtracted  from  the 
actual  consumption  with  dry  )-  2*97 
saturated  steam, 


shows  a  saving  of. 0*80  lb. 

or  27  per  cent. 

299.  BIBcleBcr  tff  Steam-Gas  witk  Regeaevatar^SleHieaiAi  BactaM^ 

— The  '^  regenerative  steam  engine*'  of  Mr.  C.  W.  Siemens,  is  one 
which  so  far  agrees  with  the  description  in  the  last  Article,  that 
superheated  steam  works  expansively  in  it  at  a  temperature  main- 
tained nearly  constant  by  placing  the  cylinder  over  a  furnace;  but 
the  steam  on  its  way  to  and  from  the  space  below  the  plunger  of 
that  cylinder,  traverses  a  ''regenerator'*  nearly  resembling  that  of 
Stirling's  air  engine  ^see  Article  275),  the  effect  of  which  is,  that 
the  whole,  or  nearly  tne  whole,  of  the  heat  employed  to  raise  the 
temperature  of  the  steam  above  the  boiling  point  corresponding  to 
its  pressure,  is  obtained  at  each  stroke  from  the  regenerator,  in 
which  that  heat  has  previously  been  stored  by  steam  leaving  the 
hot  end  of  the  cylinder. 
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The  whole  of  the  formulsd  of  the  Article  298  are  made  applicable 
to  this  case,  by  simply  taking  for  the  value  of  H^,  the  total  heat  of 
evaporation  of  1  Ih.  of  steam  at  the  boiling  point  r^,  corresponding  to 
its  pressure,  as  given  by  Table  YI.  at  the  end  of  the  volume, 
instead  of  the  total  heat  of  gasefication  at  the  working  temperature 
r'j*  Suppose,  for  example,  that  the  data  are  the  same  as  in  the 
last  Article.  Then  the  total  heat  of  evaporation  of  steam  at  34 
Ib&  on  the  square  inch,  the  feed  water  being  at  104°,  as  computed 
for  Table  VL,  is H»  —h^=z  840000  foot-lba, 

the  latent  heat  of  expan-  \^  ^  (rp^      A       ^ „.^« 
sion,  as  in  Article  298,..  fP^  ^»  \-j^^ V 


and  Ihe  heat  expended  per  lb.  of  steam  fi =:  962321  foot-lbs. 

Also,  the  energy  exerted  by  1  lb.  of  steam,  being,  as  in  Article 
298 

TJ  =  160040  foot-lbs., 

the  efficiency/  of  the  steam  is 

_  -   160040   ^-_ 
^"5^=  9-62321  =  ^-^'^' 

consequently,  the  available  heat  expended  per  indicated  horse- 
power per  hour  is 

^S?^  =  11,930,000  foot-  lbs.  neai-ly. 

Taking  the  same  estimate  of  the  available  heat  of  combustion  of  1 
lb.  of  coal,  as  in  Article  298,  this  would  give  for  the  consumption 
of  coal  per  indicated  horse-power  per  hour 

11,930,000  _ 
6,000,000  -  ^  ^^  ^*'' 

The  efficiency  of  this  engine  is  capable  of  being  greatly  increased 
by  working  at  a  high  temperature ;  for  while  the  energy  exerted 
by  the  steam  increases  nearly  as  the  absolute  temperature,  it  is 
only  the  latent  heat  of  expansion  which  increases  in  the  same  pro- 
portion :  the  total  heat  of  evaporation  remaining  constant  if  the 
pressure  is  constant.  Mr.  Siemens  states,  that  in  some  of  his 
experiments  with  this  engine,  the  consumption  of  fuel  was  only 
1*5  lb.  per  indicated  horse-power  per  hour. 

The  heating  apparatus  described  at  the  end  of  Article  275, 
might  probably  be  applied  to  this  engine  with  advantage. 
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IX, 

Table  of  Elaoticitt  akd  Total  Bjsat  of  Okb  Pound  of 

STEAK-aA& 
T  /»v  H  k 

3^** 43140 842872  o 

50       43678  849473  13896 

08        45216  856073  27792 

86        4^754  862674  41702 

104        48292  869274  55612 

122 49830 875875  69522 

140        51368  882476  83459 

158        52906  889076  974^1 

17^        54444        895677        "1363 
194        55982        902277        125357 

212 57520 908878  139363 

230  59058  915479 
248  60596  922079 
266  62134  928680 
284        63672        935280 

302 65210 941881 

320  66748  948482 
338  68286  95508a 
356  69824  961683 
374        71362        968283 

392 72900 974884 

410  74438  981485 
428  75976  988085 
446  77514  994686 
464        79052       1001286 

482 80590 1007887 

500  82128  1014488 
518  83666  1021088 
536  85204  1027689 
554  86742  1034289 
572  88280 1040890 

Explanation. 

T,  temperatnro  on  Falirenheit^s  scale. 

p  V,  product  of  the  pressure  in  pounds  on  the  square  foot,  and  volume 
in  cubic  feet,  of  one  pound  of  steam  in  the  perfectly  gaseous  condition,  or 
"  steam-gas/^ 

H,  total  heat,  in  foot-pounds  of  energy,  required  to  convert  one  pound 
of  water  at  82°  into  steam-gas  at  T°,  under  any  constant  pressure. 

hj  heat,  in  foot-pounds  of  energy,  required  to  raise  the  temperature  of 
one  pound  of  water  from  82°  to  T**. 
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AND  OTHEB 

HEAT  SNGINSS. 

X. 

Table 

OF  AppBOznuTE  Ratios  fob 

Steam-oas 

WOBXINO 

EZPANSIYELT. 

r 

1 

rp^ 

P\ 

Pi 

Pm 

r 

Pi 

rpm 

Pm 

Pi 

20 

•05 

297 

•337 

6-74 

•148 

i3i 

•075 

2*80 

•357 

476 

*2IO 

10 

•I 

2*66 

•376 

376 

•266 

8 

•125 

256 

•391 

3-13 

•320 

6i 

•15 

a'4S 

•408 

2-73 

•367 

5 

•2 

2*28 

•439 

2'20 

•45^ 

4 

•25 

2*13 

•469 

1-88 

'53a 

3* 

•3 

2'OI 

•498 

1-66 

•603 

af 

•35 

I'pO 

'&26 

1-50 

^665 

3^ 

•4 

I -80 

•556 

1-39 

720 

H 

•45 

171 

•585 

I '30 

770 

a 

•5 

1-63 

•613 

1-23 

•815 

i-fc 

•55 

1-55 

•645 

I-I7 

•852 

I* 

•6 

1*47 

•680 

1-13 

•882 

lA 

•65 

1*40 

•714 

I'lO 

-910 

I* 

•7 

134 

•746 

1*07 

•938 

li 

•75 

1*28 

•781 

1-04 

•960 

li 

•8 

1*22 

•820 

1-025 

.976 

lA- 

•85 

ri6 

•862 

1-014 

•986 

ij 

•9 

flO 

.909 

i-oi 

.990 

Explanation. 

r,  ratio  of  expansion. 

--,  real  cat-o£ 
r 

p^,  absolute  pressure  of  admission. 

p^  mean  absolute  pressure. 


>  ratio  of  whole  gross  work  of  steam  on  piston  to  gross  work 
during  admission. 

-^  ,  ratio  of  gross  work  during  admission  to  whole  gross  work. 


0A8BB  WOBXING  EZPAKSIYBLT.  443 


XI 

» 

Table  of 

Affboziiiatb  Batiob 

FOB  Pebfbot  Gases 

WOBKINQ 

EXFANSIVELT  AT  < 

doNSTTAin?  Tehperature. 

£ 

!?• 

Pk 

Pi 

Pm 

r 

r 

-Pi 

rpm 

Pm 

Pi 

30 

•05 

4*00 

•250 

5-00 

•200 

13* 

•075 

359 

•279 

372 

•269 

10 

•I 

3-30 

•303 

303 

•330 

8 

•135 

308 

•325 

2 '60 

•385 

61 

•15 

2*90 

•345 

230 

•435 

5 

•2 

2'6l 

•383 

1*92 

•532 

4 

•25 

2-39 

•419 

r68 

•596 

3i 

•3 

2*20 

•454 

1*51 

•661 

H 

•35 

205 

•488 

1-39 

•717 

:            ^ 

•4 

1-91 

•523 

1*31 

..765 

H 

•45 

I -So 

•55<5 

1-24 

•809 

a 

•5 

1-69 

'59' 

118 

•846 

I* 

•55 

I '60 

•626 

114 

•878 

►                 H 

•6 

I  51 

'662 

I'lO 

•906 

iiV 

•65 

1*43 

.699 

1-07 

•929 

»* 

'7 

1-36 

•737 

105 

•950 

H 

•75 

1*29 

•777 

1-04 

'9^S 

H 

•8 

1*22 

•818 

1*02 

•978 

i.V 

•85 

i'i6 

•860 

I'd 

•989 

n 

•9 

I'll 

'905 

I'd 

•995 

Explanation. 
r,  ratio  of  expansion* 

« 

-,  real  cut-off. 
r 

p^,  absolute  pressure  of  admission. 
p^,  mean  absolute  pressure. 

--^-^,  ratio  of  whole  gross  work  of  gas  on  piston  to  gross  work 
Pi 
daring  admission. 

-^^,  ratio  of  gross  work  during  admission  to  whole  gross  work. 

'  Pm 
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Section  7. — Of  Binary  Vapovr  Engines, 

300.  Oeacnil  Descripltoa  mT  the  Blaarr  Tapmir  Baglae. — Thin 
engine  (sometimes  called  the  ''combined  vapour  engine*'),  the 
invention  of  M.  Prosp^re- Vincent  du  Trembley,  is  driven  by  the 
combined  action  of  two  different  fluids,  a  less  and  a  more  volatile, 
in  two  separate  cylinders.  The  less  volatile  fluid  is  evaporated  in 
a  boiler,  and  drives  the  piston  of  its  cylinder,  in  the  usual  way. 
On  being  discharged,  it  is  passed  vertically  downwards  through  a 
set  of  small  tubes,  contained  within  a  cylindrical  vessel;  this 
apparatus  is  at  once  the  condenser  for  the  less  volatile  fluid,  and 
the  evaporator  for  the  more  volatile  fluid ;  for  the  less  volatile  fluid, 
passing  downwards  through  the  tubes,  is  liquefied,  and  gives  out  its 
heat  to  the  more  volatile  fluid,  which  ascends  in  the  space  sur- 
rounding the  tuboH,  and  reaches  the  top  of  the  vessel  in  the  state 
of  vapour.  This  vai)our  drives  the  piston  of  a  second  cylinder, 
during  the  return  stroke  of  which  it  is  expelled  into  a  second 
surface  condenser,  consisting  also  of  a  number  of  small  vertical 
tubes;  the  vapour  passes  downwards  through  these  tubes,  which 
are  surrounded  by  a  copious  stream  of  cold  water;  this  abstracts 
heat  from  the  vapour,  and  causes  it  to  be  condensed,  and  the  liquid 
thus  produced  is  pumped  back  into  the  evaporating  vessel  to  per^ 
form  its  work  over  again. 

The  less  volatile  fluid  is  always  water;  for  the  more  volatile, 
ether  is  usually  employed :  chloroform  has  also  been  tried ;  and 
bisulphuret  of  carbon  has  been  recommended  on  account  of  its 
abundance  and  cheapness.  All  these  fluids,  when  breathed  in  the 
vaporous  state,  are  stupefying,  and  in  large  quantities  poisonous ; 
sether  is  highly  inflammable ;  aether  and  chloroform  are  very  costly ; 
and  sulphuret  of  carbon,  even  when  it  escapes  in  quantities  far 
too  small  to  be  stupefying,  causes  a  most  disgusting  and  insup- 
portable stencL  It  is,  therefore,  necessary  that  extraordinary  care 
should  be  bestowed  upon  making  the  joints  of  that  part  of  the 
apparatus  which  contains  the  more  volatile  fluid  perfectly  tight, 
so  that  no  perceptible  portion  of  it  shall  escape.  This  appears 
to  have  been  accomplisiied  with  great  success  by  M.  du  l^m- 
bley,  in  his  steam  and  ether  engines,  by  which  several  ships  are 
propelled. 

Full  and  minute  details  of  the  construction  and  mode  of  working 
of  these  engines  are  given  in  M.  du  Trembley's  work,  entitled, 
Manud  du  Condtbcteur  dee  Mackinee  d  Vapeura  combinees,  ou 
Machines  Binaires  (Lyons,  1850-51);  and  accounts  of  their  per- 
formance are  contained  in  a  report  by  Mr.  George  Bennie,  published 
in  1852;  in  a  lithographed  report  by  M.  R  Gouin,  on  the  experi- 
mental trip  of  the  ship  "Br6sil,"  in  1855;  and  in  a  paper  by  Mr. 
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James  W.  Jamieson,  read  to  the  Institution'  of  Civil  Engineers  in 
February,  1859. 

301.   Themrf  mf  the   StMnn-ABciiiEthar   BHgtee. — In  fig.    115,  let 

A  B  C  E  F  A  represent  the  diagram  of  the  steam  cylinder,  and 
K  L  M  P  Q  K  that  of  the  tether  cylinder. 


Fig.  116. 


Let  p^  =  0  A  be  the  absolute  pressure  of  the  steam  at  its  admis- 
sion; 

Vj  =  A  B,  the  volume  of  one  lb.  of  it  when  admitted; 

r  Vj  =  D  C,  the  volume  to  which  it  expands; 

Let  its  back  pressure  be  indicated  by  the  curve  C  E  F ; 

Let  Hj  denote  the  available  heat  expended,  in  foot- lbs.  per  lb.  of 
steam; 

U  =  area  A  B  C  E  F  A,  the  energy  exerted  on  the  piston  by  one 
lb.  of  steam. 

Then  the  Iieat  reeded  by  each  lb.  of  steam,  and  given  out  through 
the  tubes  of  the  steam-condensing  and  ether-evaporating  apparatus 
to  the  ether,  is  given  by  the  equation 

H,  =  H.-U; (1.) 

and  several  examples  of  the  mode  of  computing  this  quantity  of 
heat  have  been  given  in  the  preceding  sections. 

To  find  what  volume  will  be  filled  with  aether  vapour  by  means 
of  this  heat,  in  the  first  place  must  be  computed  the  expenditure  of 
heat  per  cubic  foot  qfcBther  vapour ,  produced  at  the  pressure  under 
which  the  sether  is  evaporated,  which  is  supposed  to  be  given  and 

represented  by  p\  =  O  K,  and  is  necessarily  a  pressure  correspond- 
ing to  a  boiling  point  lower  than  the  temperature  at  which  the 
steam  is  condensed.  That  expenditure  of  heat  is  given  by  the 
formula 

L'  +  Jc'D'(T'  — T"), (2.) 

where 

U  zzt'  -fn  is  the  latent  heat  of  evaporation  of  one  cubic  foot 

of  lether  vapour  under  the  given  pressure,  calculated  by  a  formula 
of  the  kind  given  in  Article  255,  or  by  the  aid  of  Table  Y.; 
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Jc^  =  399*1  foot-lbs.  per  degree  of  Falirenheit^  is  the  specific 
heat  of  liquid  aether; 

D'  is  the  weight  of  one  cubic  foot  of  ether  vapour,  found  hj  the 
fonnul»  of  Article  256,  or  by  the  aid  of  Table  V. ; 

T  is  the  temperature  at  which  the  sether  is  evaporated,  and  T" 
that  at  which  it  is  condensed,  and  returned  to  the  evaporating 
apparatus. 

Hie  value  of  the  expression  2  having  been  computed,  the  initial 

volume,  represented  by  K  L  in  the  figure,  of  the  lether  evaporated 
per  lb.  of  steam  condensed,  is  found  by  means  of  the  equation 

'*'  =  ^^=L'  +  JCD'(T'-'r) ^^-^ 

Let  p"  =  0  N  denote  the  intended  final  pressure  of  the  aether 
vapour,  at  the  end  of  its  expansion,  and  p"^  its  mean  back  pressure, 
which  appears  to  be  about  5  lbs.  on  the  square  inch.  Then  fix>m 
the  data,  p',  p\  /',  T'",  by  means  of  the  formuhe  of  Articles  281 
and  284,  substituting  only  the  constants  which  apply  to  aether  for 
those  which  apply  to  steam,  and  using  Table  Y.  instead  of  Table 
IV.,  may  be  computed —  

The  ratio  of  expansion  r',  and  thence  the  final  volimie  MN  =zf^u' 
of  the  aether  evaporated  per  lb.  of  steam; 

The  energy  exerted  by  that  aether,  represented  by  the  area 
KLMQK  =  U'. 

The  ratio 

DC  ""t-Vj ^   ' 

is  that  of  the  volume  of  the  aether  cylinder  to  the  volume  of  the 
steam  cylinder.  In  practice,  those  cylinders  are  either  of  equal 
size,  or  the  aether  cylinder  is  somewhat  the  larger. 

The  heat  per  lb.  of  steam  to  be  abstracted  by  the  cold  water 
which  circulates  in  the  aether  condenser,  is  given  by  the  expression 

H,  —  TJ  —  TJ' (5.) 

The  mean  efiective  pressures  in  the  steam  cylinder  and  aether 
cylinder  respectively,  are 

i^,"^^.^ ^^'^ 

It  is  certain  that  the  same  amount  of  additional  energy,  which 
is  obtained  by  the  addition  of  the  aether  engine  to  the  steam  engine, 
might  also  be  obtained  by  continuing  the  expansion  of  the  steam 
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sufficiently  &r,  as  represented  by  the  line  C  H  G,  provided  a  suffi- 
ciently low  back  pressure  could  be  insured;  but  this  might  require 
in  some  cases  a  cylinder  so  large,  as  to  be  more  costly  than  the 
binary  engine. 

The  addition  of  an  sether  engine  appears  to  be  an  excellent  means 
of  improving  the  efficiency  and  economy  of  an  existing  steam  engine. 

302.  Bzaaiple  mf  BeaHlls  mf  BxperimeBts. — The  following  quan- 
tities are  means,  computed  from  a  long  series  of  experimental  results 
given  in  M.  Gouin's  report  already  mentioned,  on  the  performance 
of  the  steam  and  other  engines  of  the  "  Br6sil :" — 

Prbssuris  or  lb3.  05  thb  squarb  inch. 
In  boiler  or  Back  Mean 

eraporator,  preasore.  effective. 

Steam, 43'2  7*6  ii*6 

-<Ether, 31-2  5*3  71 

Total  mean  effective  pressure  reduced  to  the  area 
of  one  piaton,  the  areas  and  strokes  of  the  steam 
and  sether  pistons  having  been  in  this  case  the 
same, i8'7 

It  thus  appears,  that  the  proportions  of  the  indicated  power  of 

the  engine  obtained  in  the  steam  and  aether  cylinders  respectively, 

were 

11-6 
In  the  steam  cylinder,  r-^-^  r=  '62; 

7-1 

In  the  ffither  cylinder,  =-^  =  '38. 

The  gain  of  power,  however,  by  the  addition  of  the  ether  engine, 
is  not  quite  so  great  as  this  calculation  shows ;  because,  had  the 
steam  cylinder  been  used  alone,  the  back  pressure  woidd  have  been 
in  all  probability  about  3  lbs.  on  the  square  inch  less;  that  is, 
about  4-6  instead  of  7*6;  so  that  the  mean  effective  pressure  in  the 
steam  cylinder  would  have  been  14*6  instead  of  11*6;  and  the  pro- 
portion borne  by  the  power  of  the  steam  engine  alone  to  that  of 
the  binary  engine  would  have  been 

ii:«  -  .77 

18-7  -  ''' 
leaving 

im—'llzz  -23 

of  the  whole  power  of  the  binary  engine,  as  the  real  gain  due  to  the 
ffither  engine. 
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The  coDBumptdoii  of  fuel,  according  to  M.  Gouiii's  report,  was 
either 


or 


2*8    ) 

2-44  I  ^^  ^^  ^^^  ^^  indicated  horse-power  per  hour, 


according  as  certain  experiments  made  under  peculiarly  adverse 
circumstances  were  included  or  excluded. 

The  binary  engine  is  not  more  economical  than  steam  eugines 
designed  with  due  regard  to  economy  of  fuel;  but  by  the  addition 
of  an  aether  engine,  a  wasteful  steam  engine  may  be  converted  into 
an  economical  binary  engine. 


Addendum. 

302  A.  Vxpiosive  Gs«-BHgbM.— In  Lenoir*s  gas-engine,  air  and 
coal-gas  in  pro|)er  propoi*tions  are  introduced  into  a  cylinder ;  the 
admission  is  cut  off,  and  the  mixture  exploded  by  electricity;  the 
explosion  causes  a  sudden  increase  of  pressure ;  the  gaseous  mix- 
ture expands,  driving  the  piston  before  it  till  the  stroke  is 
completed,  and  is  expelled  during  the  return  stroke.  The  cylinder 
is  prevented  from  overheating  by  water  circulating  in  a  coil.  Best 
proportion  of  mixture,  eight  volumes  of  air  to  one  volume  of  coal- 
gas.  Absolute  pressure  immediately  after  explosion,  j9^  =  about  5 
atmospheres,  or  10,580  lbs.  on  the  square  foot.  Let  the  atmos- 
pheric pressure  be  denoted  by  j9q;  then  available  heat  of  explosion, 

per  cubic  foot  of  explosive  mixture,  Hj  =  ^  (p^  —  /?q)  =  21,160  foot- 
lbs.,  nearly.  (This  is  about  three-eiglUhs  of  the  total  heat  of  the 
explosion.) 

Let  r  be  the  ratio  of  expansion,  p^  the  final  absolute  pressui'e ; 

W  the  indicated  work  per  cubic  foot  of  explosive  mixture;  p^  the 
mean  effective  pressure;  then 

p^—PiT    ^  nearly; 

W  =  2  (ft  -  ^2)  -  2  ^''  "  ^^^2  •*•  (^  "  ^)  (ft  -  ft)> 

W 

Bate  of  expansion  for  greatest  efficiency,  r^  =  \^p  =  3 '16 

nearly;  thenpj  =  Po^  ^^^ 

5  7 

The  preceding  formulie  include  no  deductions  for  loss  through 
increased  back-pressure,  dee. 
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CHAPTER  IV. 

OF  FURNACES  AND  B0ILEB8. 

Section  I. — OfBoilera  cmd  Furnctces  in  genercU. 


303.  OcHeral  ArraHseaMHis  mf  fTamace  mmd  BoUer. — The  USUal 

relative  arrangements  or  positions  of  the  furnace  and  boiler  of  a 
steam  engine  may  be  divided  into  three  principal  classes;  as 
follows : — 

I.  In  the  Bztonuil  Fannce  B«iler,  the  furnace  or  fire-chamber  is 
-wholly  outside  of,  and  partly  in  contact  with,  the  water  vessel  or 
boiler ;  so  that  the  boiler  forms  part  of  the  boundary  of  the  furnace 
(generally  the  top).  The  other  boundaries  of  the  furnace  are 
usually  built  of  fire-brick.  As  to  the  thickness  required  to  prevent 
loss  by  radiation,  see  Article  228.  Examples  of  this  are — ^the  old 
hay-stack  boiler  and  wagon  boiler,  the  plain  cylindrical  boiler, 
without  internal  flues,  and  some  boilers,  such  as  Gumey's,  Perkins's, 
and  Craddock's,  in  which  the  water  and  steam  are  contained  in 
tubes  surrounded  by  the  flame. 

II.  In  the  iBtenal-FNnutce  B«iier,  the  fire-chamber  is  enclosed 
within  the  boiler.  Examples  of  this  are — the  boilers  now  most 
common  in  land  engines,  with  one  or  more  furnaces  contained  in 
horizontal  cylindrical  internal  flues ;  most  marine  boilers ;  and  all 
locomotive  boilers. 

IIL  The  BetachMi  Farmice  or  Otui  is  a  fiie-chamber  built  of 
brick,  in  which  the  combustion  is  completed  before  the  hot  gas 
comes  in  contact  with  any  part  of  the  boiler.  This  has  been 
already  referred  to  in  Article  230,  page  283. 

304.  The  PrlHclpal  Parts  aadi  Appeada^es  af  a  Famace  are — 

I.  The  furnace  proper,  or  Jlre-boXj  being  the  space  where  the 
solid  constituents  of  the  fuel,  and  the  whole  or  part  of  its  gaseous 
constituents,  are  burned. 

II.  The  grate,  being  that  part  of  the  bottom  of  the  furnace 
proper  which  is  composed  of  alternate  bars  and  spaces,  to  support 
the  fuel  and  admit  air. 

III.  The  hearth  is  a  floor  of  fire-brick,  ou  which,  instead  of  on 
a  grate,  the  fuel  is  burned  in  some  furnaces. 

IV.  The  dead  plate,  or  dvmb  plale,  being  that  part  of  the  bottom 
of  the  fiimace  proper  which  consists  of  an  iron  plate,  without  bars 
and  spaces. 

2q 
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Y.  The  motUh'piece,  being  the  passage  throngh  which  fuel  is 
introduced,  and  sometimes  also  air.  The  bottom  of  the  mouth- 
piece is  a  dead  plate.  In  many  furnaces  there  is  a  mere  doorwaVy 
and  no  mouth-piece. 

VI.  The  jwt-dooTy  which  closes  the  mouth-piece  or  doorway, 
and  which  may  or  may  not  have  openings  and  valves  in  it  to  admit 
air.  Sometimes  the  duty  of  a  fire  door  is  performed  by  a  heap  of 
dross  closing  up  the  mouth-piece. 

VII.  The  furnae&frofU^  above  and  on  either  side  of  the  fire 
door. 

VIII.  The  ashrpU,  being  the  space  below  the  grate  into  which 
the  ashes  fall,  and  through  which,  in  most  cases,  the  greater  part 
of  the  supply  of  air  is  admitted. 

IX.  The  ash-pit  door,  used  in  some  furnaces  to  regulate  the 
admission  of  air  through  the  ash-pit 

X.  The  bridge,  being  a  low  vertical  partition  at  one  end  of  the 
furnace  (usually  the  back)  over  which  the  flame  passes  on  its  way 
to  the  flues  or  chimney.  This  is  what  is  meant  when  ''the 
bridge  "  is  spoken  of  without  qualification  j  but  the  word  bridge  is 
also  applied  to  any  low  partition  having  a  passage  for  flame  or  hot 
gas  above  it.  Bridges  are  usually  built  of  fire-brick ;  but  they  are 
also  sometimes  made  of  plate  iron,  and  hollow,  so  as  to  contain 
water  within,  and  form  part  of  the  water  space  of  the  boiler — ^they 
are  then  called  "  tocUer  bridges,**  The  top  of  a  water  bridge  ought 
to  slope  or  curve  upwards  towards  the  ends,  to  admit  of  the  rapid 
escape  of  the  bubbles  of  steam  which  form  on  its  internal  surface. 
Sometimes  a  water  bridge  projects  downwards  from  a  part  of  the 
boiler  above  the  furnace,  leaving  a  passage  below  for  flame^it  is 
then  called  a  "  hanging  bridge,**  A  water  bridge  with  passages  for 
flame,  both  above  and  below,  is  called  a  '* Trnd-feaiher** 

XI.  TYiQ  flame  cha/mJber,  being  the  space  immediately  behind  the 
bridge  in  which  the  combustion  of  the  inflammable  gases  that  pass 
over  the  bridge  is  or  ought  to  be  completed.  It  has  often  a  floor 
of  fire-brick,  called  the  fl^TM  bed;  and  is  sometimes  lined  with 
fire-brick  to  prevent  the  cooling  and  extinction  of  the  flame,  and 
sometimes,  for  the  same  purpose,  filled  with  fire  clay  tiles,  made  of 
a  horse-shoe  form  in  section,  to  admit  of  the  circiilation  of  the  gases. 

XIL  Air  passages,  of  various  constructions  and  in  various  situa- 
tions, and  with  or  without  valves,  to  admit  air  for  the  combustion 
of  the  fuel,  whether  forced  in  by  atmospheric  pressure  or  by  a 
blowing  machine. 

XIII.  Fliies,  being  passages  traversed  by  the  hot  gas  on  its  way 
fi'om  the  fire  to  the  chimney.  These  are  sometimes  eademal,  being 
in  contact  with  the  outside  of  the  boiler,  and  bounded  externally 
by  brickwork;  and  sometimes  internal,  being  contained  within, 
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tod  forming  part  of,  the  boiler.     Internal  flues  of  small  diameter 
are  called  tvhea, 

XIV.  Bafflers  or  d^ffusen,  being  partitions  so  placed  as  to 
improve  the  convection  of  heat,  by  promoting  the  completeness  of 
the  circulation  of  the  particles  of  hot  gas  over  the  heating  surface 
of  the  boiler.  The  various  bridges  already  mentioned  fJEtll  under 
this  head,  and  also  the  spiral  blades  for  boiler  tubes  recently 
introduced  by  Messrs.  Duncan  k  Gwynne. 

XY.  The  chimney  (see  Article  233),  at  the  foot  of  which  is 
sometimes  a  chamber  called  the  amoike  box,  or  uptake,  in  which  the 
various  flues  terminate. 

XVI.  Blowing  apparakia,  used  in  order  to  produce  a  draught, 
whether  by  forcing  air  into  the  furnace  by  means  of  a  fan,  or  by 
driving  the  gases  out  of  the  chimney  by  means  of  a  blast  pipe.  See 
Article  233. 

XYII.  Dam/pen,  being  valves  placed  in  the  chimney,  flues,  tubes, 
or  air  passages,  to  regulate  the  draught  and  rate  of  combustion. 

No  one  furnace  possesses  all  the  parts  and  appendages  above 
enumeittted ;  for  some  of  them  are  substitutes  for  others,  and  some 
are  only  employed  in  furnaces  of  particular  kinds. 

305.   The  PriodpiU  Parts  and  Appendages  af  a  Bailer  are — 

I.  The  shell,  or  external  boundary  of  the  boiler,  for  which  the 
usual  material  is  iron,  although  sheet  copper  is  sometimes  em- 
ployed The  figures  usually  employed  for  the  shells  of  boilers  are, 
the  spherical,  the  cylindrical,  and  the  plane,  and  combinations  of 
those  three  figures.  The  most  oommon  figure  at  the  present  day  is 
that  of  a  horizontal  cylinder,  with  flat  or  hemispherical  ends.  In 
some  peculiar  boilers,  the  shell  is  a  vertical  cyHnder,  or  a  cluster 
of  vertical  tubes  connected  by  means  of  horizontal  tubes  (as  in  Mr. 
Craddock's  boiler)  ;  or  a  set  of  square  tubes  or  cells  (as  in  Mr. 
J.  M.  Rowan's  boiler) ;  or  a  single  spiral  tube  (as  in  Mr.  Perkins's 
boiler).  Tubes  which  thus  contain  water  internally  are  called 
waier  tubes,  to  distinguish  them  from  tubes  for  transmitting 
furnace  gas.  In  most  locomotive  boilers,  part  of  the  shell  is  a 
rectangular  box,  containing  within  it  another  rectangular  box, 
which  latter  is  the  fire-box.  The  shells  of  ordinary  marine  boilers 
are  of  irregular  shapes,  adapted  to  the  space  in  the  ship  which  they 
are  to  occupy,  and  approximating  more  or  less  to  rectangulajr 
figures,  rounded  at  the  comers  and  arched  at  the  top. 

II.  The  steam  chest,  or  dome,  being  a  part  of  the  shell  which 
usually  rises  above  the  level  of  the  rest  of  the  boiler,  so  as  to  provide 
a  space  in  which  the  steam,  before  being  conducted  to  the  engine,  may 
deposit  any  particles  of  spray  that  it  may  have  carried  up  from  the 
water.  It  is  usually  cylindrical,  with  a  hemispherical  or  segmental 
top ;  but  its  form  is  ofi;en  varied,  especially  in  marine  boilers.     It 
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is  advantageous  that  the  steam  chest  should  be  traversed  or  sur- 
rounded by  a  flue,  in  order  to  dry  or  slightlj  superheat  the  steam, 
as  explained  in  Article  295,  page  429. 

III.  The  furnace  or  Jlre-box  (in  boilers  with  internal  furnaces) 
is  a  chamber  contained  within  the  boiler,  in  such  a  position  as  to  be 
completely  covered  with  water.  In  ordinary  cylindrical  land 
boilers  it  is  umially  cylindrical,  being  at  one  end  of  a  horizontal 
cylindrical  flue :  in  locomotive  boilers  it  is  sometimes  a  vertical 
cylinder,  but  more  frequently  a  rectangular  box.  In  marine  boilers 
it  is  usuaUy  of  a  figure  approaching  to  rectangular,  with  rounded 
comers. 

Many  of  the  parts  mentioned  in  the  last  Article  as  belonging  to 
furnaces,  become,  when  the  fiimace  is  internal,  parts  of  the  boiler 
also;  for  example,  the  ash-pit,  in  the  cylindrical  internal  furnace 
of  a  horizontal  cylindrical  boiler,  is  simply  the  space  below  the 
grate  within  the  cylindrical  flue  which  contains  the  furnace. 
Water  bridges  have  already  been  described. 

The  principal  bridge  at  the  back  of  an  internal  furnace  is  usually 
of  fire-brick.  Sometimes,  in  order  to  prevent  the  cooling  of  the 
flame  by  contact  with  the  surface  of  a  water  space  before  the  com- 
bustion is  complete,  the  furnace  is  lined  internally  with  a  fire-brick 
arch;  and  sometimes  also  an  internal  flame  chamber  (Article  304, 
Division  XI.)  adjoining  the  furnace  is  lined  in  the  same  manner. 

One  boiler  may  contain  one,  two,  or  more  iutemal  furnaces. 

lY.  Internal  Jiues,  and  vnJUamal  tttbes,  being  small  uitemal  flues, 
have  already  been  mentioned  under  head  XIII.  of  Article  304. 

y.  A  tube-plate  is  a  plate  which  forms  sometimes  part  of  the 
shell  of  the  boiler,  and  sometimes  one  side  of  an  internal  flre-box, 
flame  chamber,  or  flu/e,  and  which  is  perforated  with  holes,  into 
which  the  ends  of  a  set  of  tubes  are  fixed.  Each  set  of  tubes 
requires  a  pair  of  tube-plates,  one  for  each  end  of  the  tubes. 

YI.  The  mom-hole  \&  a  circular  or  oval  orifice  in  any  convenient 
position  on  the  top  of  the  boiler,  large  enough  to  admit  a  man  to 
the  interior  of  the  boiler  to  cleanse  or  repair  it.  The  entrance  to 
the  man-hole  usually  consists  of  a  short  cylinder  having  a  flange 
surrounding  its  upper  end,  to  which  the  cover  is  bolted,  when  the 
cover  opens  outwards.  The  bolts  must  be  capable  of  safely  bearing 
the  pressure  of  the  steam  against  the  cover.  Sometimes  the  cover 
opens  inwards,  and  then  it  is  kept  shut  by  the  pressure  of  the 
steam ;  but  to  prevent  its  being  dislodged  from  its  seat,  it  is  held 
by  bolts  and  nuts  to  cross  bars  outside  the  man-hole.  The  cover 
should  fit  its  seat  very  accurately. 

VII.  Mud-holes  are  orifices  at  or  near  the  lowest  part  of  a  boiler, 
which  are  opened  occasionally  for  the  discharge  of  sediment. 

YUL  Th^feed  apparaCtM,  by  which  water  is  introduced  into  th& 
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boiler  to  supply  the  place  of  that  which  has  been  dischai^ed  in  the 
state  of  steam  or  otherwise,  is  usually  supplied  by  a  pump  worked 
by  the  engine.  In  marine  and  locomotive  engines,  the  rate  at 
which  feed  water  is  supplied  is  regulated  by  a  cock  under  the  con- 
trol of  the  engineer;  the  surplus  water  which  comes  from  the  feed 
pump  being  discharged  through  a  valve  loaded  with  a  pressure 
greater  than  that  in  the  boiler;  but  in  stationary  boilers,  there  is 
often  a  self-acting  apparatus  to  regulate  the  feed,  controlled  by  a 
float  which  rises  and  falls  with  the  level  of  the  water  in  the  boiler. 
The  proper  dimensions  of  feed  pumps  will  be  considered  farther  on. 
In  cases  in  which  a  fioaJb  within  a  boiler  is  used,  it  ought  to  rise 
and  fall  within  a  casing,  communicating  with  the  rest  of  the  boiler 
through  small  holes  near  the  top  and  bottom  only.  The  water 
within  the  casing  wDl  preserve  the  same  mean  level  with  that 
throughout  the  rest  of  the  boiler,  but  will  be  free  from  the  agita- 
tion which  is  produced  in  aU  other  parts  of  the  boiler  by  the 
disengagement  of  steam. 

IX.  The  hlow-off  apparatus  consists,  in  fresh  water  boilers, 
simply  of  a  large  cock  at  the  bottom  of  the  boiler,  which  is  opened 
occasionally  to  cleanse  the  boiler  by  emptying  it  completely  of 
sediment  and  muddy  water.  In  many  marine  boilers,  fed  with 
salt  water,  a  similar  cock  is  opened  at  regular  intervals  to  discharge 
brine,  and  so  prevent  salt  from  collecting  in  the  boiler.  Another 
blow-off  cock  is  sometimes  so  placed  as  to  discharge  occasionally 
the  8cmn,  consisting  of  crystals  of  salt,  which  collects  on  the  surface 
of  the  water :  this  is  called  the  "  surface  hlov),^ 

As  a  substitute  for  the  common  blow-off  apparatus,  Messrs. 
Maudslay  introduced  brine  pumps,  which  draw  off  a  fixed  quan- 
tity of  brine  from  the  bottom  of  the  boiler  at  each  stroke  of  the 
engine. 

The  hot  brine,  whether  blown  off  or  pumped  off,  is,  or  ought  to 
be,  passed  through  a  set  of  tubes,  surrounded  by  a  casing  through 
which  the  feed  water  passes  on  its  way  to  the  boiler;  the  currents 
of  the  brine  and  of  the  feed  water  flowing  in  opposite  directions. 
By  means  of  this  apparatus,  called  the  refngera^tor,  the  greater  part 
of  the  heat  which  would  otherwise  be  wasted  with  the  brine  is 
saved  by  being  transferred  to  the  feed  water. 

X.  The  sediment  collector,  used  in  some  marine  boilers,  is  a 
funnel  shaped  like  an  inverted  cone,  and  placed  within  the  boiler 
so  that  its  mouth  is  somewhat  above  the  water  level.  It  communi- 
cates with  the  rest  of  the  boiler  through  triangular  slits  near  its 
upper  edge.  In  the  boiler  generally,  there  is  a  continual  boiling 
up  of  steam,  which  keeps  crystals  of  salt  and  other  solid  particles 
for  a  time  near  the  suHace  of  the  water.  Within  the  cone  there 
is  comparatively  still  water,  so  that  the  solid  impurities  collect 
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there,  and  sink  down  to  the  bottom,  or  apex  of  the  cone,  whence 
they  are  from  time  to  time  blown  off,  being  first  stined  up  if 
necessary. 

XL  The  steam  pipe  conveys  the  steam  from  the  boiler  to  the 
engine.  As  to  its  dimensions  and  resistance,  see  Article  290. 
Besides  the  throttle  valve  or  regulator,  by  which  the  supply  of 
steam  to  the  engine  is  controlled,  the  steam  pipe  of  eveiy  boiler 
should  be  provided  with  a  perfectly  steam  tight  lUop  valve  (being 
usually  a  conical  valve  worked  by  means  of  a  screw)  to  be  shut 
when  the  boiler  is  not  in  use. 

XII.  Safety  valves,  for  letting  the  steam  escape  from  the  boiler 
when  its  pressure  tends  to  rise  too  high,  have  been  partially  men- 
tioned in  Article  113,  and  will  be  further  considered  in  a  subse- 
quent Article.  Eveiy  boiler  should  have  two,  one  being  placed 
beyond  the  control  of  the  engineman. 

XIII.  The  vacuum  valve  is  a  safety  valve  opening  inwards,  to 
admit  air  into  the  boiler,  and  so  to  prevent  it  from  collapsing, 
in  the  event  of  the  steam  within  it  falling  below  the  atmospheric 
pressure. 

XIV.  The  fusible  plug  is  a  piece  of  metal  or  alloy  stopping  an 
aperture  in  some  part  of  the  boiler  which  is  directly  exposed  to  the 
fire,  and  of  such  a  composition  as  to  melt  at  a  temperature  lower 
than  that  at  which  the  pressure  of  the  steam  would  become  dan- 
gerous. As  to  the  melting  points  of  various  metals  and  alloys,  see 
Article  20d,  page  235.  Little  confidence  is  now  placed  in  this 
contrivance ;  for  it  has  been  known  to  fail  completely  in  various 
cases  of  boiler  explosions. 

XV .  The  pressure  gauge  shows  to  the  engineer  the  excess  of  the 
pressure  within  the  boiler  above  that  of  the  atmosphere.  As  to 
various  pressure  gauges,  see  Article  107  A.  That  which  is  now 
almost  universally  preferred  for  steam  boilers  is  Bourdon's  (see 
pages  111,  112). 

XVI#  The  uxUer  gauge  shows  to  the  engineer  the  level  of  the 
water  in  the  boiler;  and  especially,  whether  it  stands  high  enough 
to  cover  all  those  parts  of  the  bofler  which  are  directly  exposed  to 
the  fire.  The  old  form  of  water  gauge  consists  of  three  cocks  at 
different  levels;  one  at  the  proper  level  of  the  water,  another  a 
few  inches  above  that  level,  and  a  thii*d  a  few  inches  below.  By 
opening  these  the  engineer  can  ascei-tain  the  level  of  the  water 
approximately.  The  new  form  which  is  most  frequently  used, 
consists  of  a  strong  vertical  glass  tube,  commimicating  with  the 
boiler  above  and  below  the  proper  water  level  through  cocks, 
which  can  be  shut  if  the  tube  is  accidentally  broken.  The  level  of 
the  water  is  visible  in  this  tube.  Every  boiler  ought  to  be  pro- 
vided with  both  forms  of  water  gauge,  the  cocks  and  the  glass  tube ; 
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80  that  if  the  tube  Bfaould  be  choked  or  broken,  the  cocks  may  be 
employed.  There  are  other  forms  of  water  gatige,  in  which  a  float 
acts  upon  an  index;  but  they  are  less  used  tJ^n  the  two  forms 
before  mentioned. 

In  the  sether  evaporator  of  M.  du  Trembley's  binary  engine, 
where  a  glass  tube  would  be  dangerous,  an  iron  float  on  the  surface 
of  the  se^er  rises  and  falls  in  a  vertical  brass  tube,  and  its  position 
is  indicated  by  a  magnetic  needle  outside. 

XYII.  A  steam  whistle  may  be  used,  as  in  locomotives,  merely 
to  make  signals;  but  it  may  also  be  acted  upon  by  a  pressure  gauge, 
or  by  a  float,  so  as  to  give  warning  of  the  pressure  rising  too  high, 
or  the  water  level  falling  too  low. 

XVIIL  A  damper  is  sometimes  so  acted  upon  by  a  pressure 
gauge  as  to  regulate  the  draught  of  the  furnace,  and  prevent  any 
great  deviation  of  the  pressure  from  a  given  intensity.  This  is 
accomplished  in  Watt's  low  pressure  stationary  boilers,  by  having 
a  pressure  gauge  consisting  <^  a  vertical  column  of  water  contained 
in  a  tube  which  is  open  at  the  top,  and  plunges  into  the  water 
within  the  boiler  at  the  bottom ;  while  a  float  on  the  surface  of 
that  water  column  opens  the  damper  when  falling,  and  closes  it 
when  rising. 

XIX.  Stays  are  bars,  rods,  bolts,  and  gussets  for  strengthening 
the  boiler,  which  have  already  been  mentioned  in  Article  66,  and 
will  be  further  referred  to  in  a  subsequent  Article. 

XX.  Clothing  for  the  outer  surface  of  a  boiler,  to  prevent  waste 
of  heat,  is  made  sometimes  of  a  layer  of  coarse  felt,  covered  with  a 
layer  of  thin  wooden  boards,  and  sometimes  of  a  casing  of  brick- 
work. The  tops  of  land  boilers,  resting  on  brickwork,  are  sometimes 
buried  under  a  layer  of  ashes ;  but  this  method  is  objectionable,  as 
the  moisture  which  collects  amongst  the  ashes  tends  to  corrode  the 
boiler  shell 

The  principal  parts  and  appendages  of  engines  and  boilers  having 
been  enumerated  and  described  generally,  those  which  require  it 
will  now  be  treated  of  in  a  more  detailed  manner. 

306.  Gnoie. — The  area  of  the  grate  is  regulated  by  the  weight  of 
fuel  which  is  to  be  burnt  upon  it  in  an  hour,  and  by  the  rate  qf 
combtistion  per  square  foot  of  grate,  as  to  which,  see  Article  232. 
To  the  list  of  different  rates  which  occur  in  practice,  as  given  in 
that  Article,  at  page  285,  may  now  be  added  die  following,  which 

comes  between  Nos.  1  and  2  of  that  list : — 

Lbs.  per  square 
foot  per  hour. 
1  A.  Kate  of  combustion  in  the  furnace  of  Craddock's  ]  c  ±    t  a 
boUer, r  *<»  I<> 

As  has  been  already  more  fully  explained  in  Chapter  IL,  tho 
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economy  of  fuel  depends  very  much  on  the  proper  adjustment  of 
the  rate  of  combustion  per  square  foot  of  grate  to  the  draught  of 
the  furnace.  A  certain  rate  of  combustion,  which  may  be  found 
by  practical  trials,  is  the  best  suited  to  insure  perfect  combustion 
in  a  given  furnace;  and  this  fixes  the  best  area  of  grate:  if  the 
grate  is  made  smaller,  the  combustion  becomes  imperfect :  if  lai^r, 
too  much  air  enters,  and  heat  is  wasted  in  warming  it  It  is  best, 
in  practice,  to  make  the  grate-area  at  first  rather  too  lai^e,  and 
then  to  contract  it  by  means  of  fire-bricks,  until  the  smallest  area 
is  obtained  upon  which  the  required  quantity  of  coal  can  be  burned 
without  incomplete  combustion. 

When  air  is  admitted  above  the  fuel  to  bum  the  coal  gas,  a 
smaller  area  of  grate  is  required  to  bum  a  given  quantity  of  fuel 
per  hour,  than  when  the  whole  supply  of  air  has  to  pass  through 
the  grate.  For  an  example  of  this,  see  the  Table  in  Article  232, 
page  285,  Nos.  5  and  6. 

The  lengtli  of  a  grate  should  not  much  exceed  6  feet,  in  order 
that  the  fireman  may  easily  thn)w  coals  to  the  back  of  it.  It  may 
be  as  much  less  than  6  feet  as  the  dimensions  and  figure  of  the 
boiler  require.  The  breadths  of  grates  range  from  about  lo  inches 
to  4  feet;  the  most  convenient  breadths  for  firing  being  from  18 
inches  to  2  feet,  or  thereabouts.  The  grates  of  stationary  and 
marine  boilers  are  usually  long  and  narrow ;  those  of  locomotive 
boilers  are  usually  almost  square,  and  sometimes  round. 

To  facilitate  the  even  spreading  oi  the  fuel,  the  surface  of  an 
oblong  grate  is  in  general  made  to  slope  downwards  from  the  furnace 
mouth  to  the  bridge  at  the  rate  of  about  one  in  six.  Its  clear 
height  above  the  floor  of  the  ash-pit  should  be  at  least  2^  feet  in 
front. 

A  locomotive  grate  is  usually  level;  and  the  place  of  an  ash-pit 
is  supplied  by  a  rectangular  wrought  iron  pan  about  10  inches 
deep,  which  is  open  at  the  front,  to  catch  the  air  as  the  engine 
rushes  through  it,  and  can  be  removed  when  required. 

A  grate  consists  of  Jtre-ba/rs,  and  of  cross  bearers  by  which  they 
are  supported.  The  fire-bars  are  made  in  lengths  of  from  2  to  3 
feet.  They  are  from  |  inch  to  f  inch  broad  on  the  top,  and  are 
often  made  to  diminish  to  about  half  that  thickness  at  the  lower 
edge,  in  order  to  admit  of  the  fi«e  entrance  of  air  and  escape  of 
ashes.  Their  ordinary  depth  is  about  3  inches.  The  breadth  of 
the  clear  space  between  two  bars  is  from  one-half  to  two-thirds  of 
the  greatest  breadth  of  a  bar.  At  each  side  of  each  end  of  a  bar 
there  are  snugs  or  projections,  by  which  the  breadth  of  the  bar  at 
its  ends  is  increased  so  as  to  be  equal  to  the  distance  from  centre 
to  centre  of  the  bars.  When  the  bars  are  laid  upon  the  cross 
bearers  with  the  snugs  touching  each  other,  the  proper  spaces  ai'e 
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left  between  their  intermediate  parts.  Fire-bars  are  often  cast  in 
pairs,  so  that  two  bars  with  the  proper  space  between  them  form 
one  piece.  This  saves  time  in  removing  and  repkcing  them  when 
the  grate  requires  repairs. 

307.  ai^TiBg  Onitca. — Reference  has  been  made  in  Article  230, 
page  283^  to  contrivances  for  supplying  fuel  to  furnaces  gradually 
and  equably  by  mechanism,  in  oider  to  insure  complete  combustion. 
Some  of  these  inventions  involve  the  use  of  moving  gratea  The 
revolving  grate  is  circular  and  horizontal,  and  turns  slowly  about 
its  centre.  The  fuel  ib  dropped  upon  it  by  d^^rees  through  a  fixed 
opening;  and  thus  every  part  of  it  is  at  all  times  equally  covered. 
Juckea's  grcUe  consists  of  an  endless  web  of  veiy  short  fire-bars, 
moving  on  horizontal  rollers,  travelling  from  the  &mace  mouth  to 
the  bridge,  and  returning  through  the  ash-pit.  The  portion  of  the 
web  which  at  any  time  is  uppermost,  is  supported  on  small  wheels 
with  which  the  bars  are  provided,  and  which  rest  on  raila  Some- 
times the  fire-bars,  by  means  of  cams,  are  made  to  have  a  short 
reciprocating  motion  up  and  down,  and  from  side  to  side,  in  order 
to  keep  them  deai*  of  clinkers. 

308.  Mdgkt  •r  Fonuice. — The  clear  height  of  the  '^  crown'*  or 
roof  of  the  furnace  above  the  grate  bars  is  seldom  less  than  about 
18  inches,  and  often  considerably  more.  In  the  fire-boxes  of  loco- 
motives it  is  on  an  average  about  4  feet. 

The  height  of  eighteen  inches  is  suitable  where  the  crown  of  the 
furnace  is  a  brick  arch,  as  in  Mr.  C.  T.  Dunlop*s  detached  furnaces, 
formerly  referred  to.  Where  the  crown  of  the  furnace,  on  the 
other  hand,  forms  part  of  the  heating  surface  of  the  boiler,  a  greater 
height  is  desirable  in  every  case  in  which  it  can  be  obtained;  for 
the  temperature  of  the  boiler  plates,  being  much  lower  than  that  of 
the  flame,  tends  to  check  the  combustion  of  the  inflammable  gases 
which  rise  from  the  fueL  As  a  general  principle,  a  highjumace  is 
fofoofwrabU  to  complete  coTnilnistum. 

The  height  of  the  furnace  is  limited  in  practice,  sometimes  by 
the  necessity  for  having  flues  or  tubes  traversing  the  water  above 
it;  and  always  by  the  necessity  for  having  a  sufficient  depth  of 
water  above  the  crown;  that  is  to  say,  about  12  or  15  inches  in 
marine  boilers,  5  or  6  inches  in  locomotive  boUers,  and  10  or  12 
inches  in  land  boilers. 

309.  BTcarth  for  Bomli^;  w«od. — According  to  M.  Peclet,  the 
best  furnace  for  burning  wood  under  a  steam  boiler  consists  of  a 
hearth  of  fire-brick,  with  a  sort  of  hopper  or  feeding  paasage  in  front, 
of  the  full  width  of  the  hearth,  made  of  cast  iron.  The  wood,  cut 
into  billets  whose  length  is  a  little  less  than  the  width  of  the 
hearth,  is  placed  crosswise  in  the  hopper,  and  descends  gradually 
either  by  its  weight  alone,  or  by  its  weight  aided  by  the  pressure  of 


458  STEAM  AKD  OTHER  HEAT  ENGINE& 

the  feet  of  the  stoker.  As  it  reaches  the  hearth  billet  hj  billet,  it 
takes  fire,  and  is  completely  consumed.  The  hearth  has  a  slight 
slope  forwards,  towards  the  bottom  of  the  hopper.  The  whole 
supply  of  air  for  the  combustion  of  the  wood  passes  down  through 
the  hopper  amongst  the  unconsumed  billets  of  wood.  The  ashes  are 
swept  away  by  the  draught. 

310.   Dead  Plato — IfIoath|ilcce~Flr0  Doar — Por»ac«  Fraat^Ash- 

pit  Door. — The  use  of  the  dead  plate  has  been  stated  in  Article 
230,  page  282.  In  some  of  Watt*s  furnaces,  it  was  nearly  as  long 
as  the  grate ;  but  a  length  of  about  20  inches  has  been  found  tc> 
answer  well  in  some  I'ecent  practical  examples.  When  the  dead 
plate  forms  the  bottom  of  a  cast  iron  mouthpiece,  it  is  useful  to 
make  the  roof  of  that  mouthpiece  slope  downwards  towards  the 
fiimace  at  the  rate  of  mie  in  six,  or  thereabouts.  This  has  the 
effect  of  directing  any  current  of  air  which  may  enter  through  the 
mouthpiece  downwards  upon  the  surface  of  the  burning  fuel,  so  as 
at  once  to  promote  rapid  combustion  of  the  coal  gas,  and  to  prevent 
that  current  from  striking  the  crown  of  the  fire-box,  which,  when 
that  crown  is  part  of  the  boiler-surface,  tends  both  to  lower  its 
temperature,  atid  to  oxidate  the  plates.  In  some  furnaces  the  sides 
and  top  of  the  mouthpiece  are  made  thick  enough  to  be  traversed 
by  a  row  of  longitudinal  holes,  each  ^  inch  in  diameter.  These 
holes  admit  small  currents  of  air,  which  have  some  effect  in  bum- 
ing  the  coal  gas,  but  whose  principal  use  is  at  once  to  keep  the 
mouthpiece  cool,  and  to  carry  back  to  the  furnace  the  heat  which 
would  otherwise  be  lost  by  conduction  through  the  metal  of  the 
mouthpiece. 

In  some  furnaces  the  dead  plate  is  double,  and  a  current  of  air  is 
admitted  thi'ough  the  passage. 

As  to  contrivances  for  preventing  waste  of  heat  through  the  fire- 
door  and  furnace-front,  and  for  admitting  air  through  them  to  bum 
the  coal  gas,  and  regulating  the  admission  of  that  air,  and  of  the 
air  which  enters  through  the  ash-pit,  see  Article  228,  page  279, 
and  Article  230,  pages  282,  283.  To  what  has  been  stated  there, 
it  may  be  added,  that  doora  consisting  of  several  layers  of  wire 
gauze  have  lately  been  used  for  these  purposes,  and  it  is  said  with 
good  effect;  and  also,  that  a  heap  of  dross,  slack,  or  sawdust  (where 
those  substances  are  burned),  blocking  up  the  mouthpiece,  which 
is  without  a  door,  has  been  found  to  answer  the  same  end  extremely 
well  in  stationary  boilers  at  St.  RoUox  chemical  worka  The  heap 
so  placed  intercepts  the  radiant  heat,  and  admits  through  i^ 
interstices  enough  of  air  to  carry  the  sensible  part  of  that  heat 
back  into  the  furnace,  and  to  bum  the  gases  distilled  from  the 
fresh  fuel.  When  the  fireman  considers  that  the  heap  is  sufficiently 
coked  or  charred,  he  pushes  it  forward  and  spreads  it  uniformly 
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over  the  grate,  and  supplies  its  place  by  blocking  the  mouthpiece 
again  with  a  heap  of  fresh  fuel. 

311.  Air  PaMa««*— Blowind  Appsmoia— ChlmncT. — The   means 

of  producing  a  current  of  air  through  a  furnace,  and  the  principles 
of  the  action  of  those  means,  and  their  peculiar  effects,  have  already 
(with  the  exception  of  the  blast  pipe)  been  considered  in  Articles 
230,  231,  232,  233,  and  234.  It  may  now  be  added,  that  care 
should  be  taken  not  to  direct  streams  of  fresh  air  against  the  plates 
or  other  metal  sur&ces  of  the  boiler;  because  if  so  directed,  they 
produce  rapid  oxidation. 

The  blast  pipe  will  be  treated  of  in  gi'eater  detail  amongst  some 
special  subjects  relating  to  locomotive  boilers. 

312.  Sireiigth  and  C^natmctl^n  •€  B^llcrsi — The  principles  upon 
which  the  strength  of  boilers  depends  have  already  been  stated  in 
Section  8  of  the  Introduction,  Articles  59,  60,  61,  62,  63,  66,  67, 

68,  69,  and  73. 

The  only  figures  for  the  shdls  of  boilers  which  are  safe  against 
bursting  by  internal  pressure,  without  the  aid  of  stays,  are  the 
cylinder  and  the  sphere,  as  to  which  see  Articles  62,  63. 

Portions  of  boiler-shells  which  are  flat,  or  which  otherwise 
deviate  firom  the  cylindrical  and  spherical  figures,  are  strengthened 
by  means  of  stays,  as  to  which  see  Article  66.  To  the  information 
there  given,  it  may  be  added,  that  the  usual  pitch  or  distance  apart 
of  the  stays  of  locomotive  fire-boxes  is  about  4J  or  5  inches,  and  of 
marine  and  stationary  boilers  12  to  18  inches.  According  to  Mr. 
Bourne,  the  staying  of  existing  marine  boilers  is  seldom  sufficiently 
strong;  and  the  iron  of  the  stays  ought  not  to  be  exposed  to  a 
greater  working  tension  than  3,000  lbs.  on  the  square  inch,  in 
order  to  provide  against  their  being  weakened  by  corrosion.  This 
amounts  to  making  the  /actor  of  safety  for  the  working  pressure 
about  20. 

If  any  part  of  the  surface  of  a  boiler  cannot  be  efficiently  stayed  by 
rods  reaching  across  to  the  opposite  part,  it  may  be  fastened  by  bolts 
or  rivets  to  a  series  of  ribs  crossing  it,  care  being  taken  that  the  ends 
of  those  ribs  have  sufficient  support.  For  example,  the  flat  crown 
of  a  locomotive  fire-box  is  hung  by  bolts  from  a  series  of  parallel 
ribs,  which  cross  it  at  distances  of  from  4^  to  5  inches  from  centre 
to  centre,  and  whose  ends  are  supported  on  the  front  and  back  of 
the  fire-box. 

It  has  been  found  by  experience  that  a  thickness  of  about  |  of  an 
inch  is  the  most  favourable  to  sound  rivetting  and  caulking  of 
boiler-plates;  and  therefore  they  are  seldom  made  much  thicker  or 
much  thinner  than  that  thickness.  If  a  cylindrical  boiler  is 
required  to  withstand  a  very  high  pressure,  the  necessary  increase 
of  strength  must  be  attained,  not  by  increasing  the  thickness  of  the 
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plates,  but  by  diminishing  the  diameter  of  the  shdiL  The  strongesi 
boilers  are  those  which  are  entirely  composed  of  tubes  and  small 
cylinders,  with  the  water  and  steam  inside. 

Mr.  Fairbaim's  experiments  hare  shown  (as  stated  in  Article  66), 
that  the  stay-bolts  of  locomotive  fire-boxes  snould  have  their  diame- 
ters equal  to  double  the  thickness  of  the  plates,  if  these  are  of  iron, 
so  that  for  f  inch  iron  plates  the  stay-bolts  should  be  |  inch  in 
diameter.  According  to  the  principles  laid  down  by  Mr.  Bourne, 
the  factor  of  safety  for  the  stays  of  marine  boilers  should  be  about 
three  times  the  factor  of  safety  for  those  of  locomotive  boilers; 
hence  for  plates  of  f  inch  thick  or  thereabouts,  the  stays  of  marine 
boilers,  if  round,  should  be  about  1^  inch  in  diameter. 

The  flat  ends  of  cylindrical  boilers  are  made  about  once  and 
a-half  the  thickness  of  the  cylindrical  barrels,  and  are  tied  to  each 
other  by  longitudinal  stays,  or  to  the  sides  of  the  boiler  by  gussets  (see 
Art.  66.)  A  pair  of  tube-plates  are  tied  together  in  the  same  man- 
ner; and  it  is  safer  to  rely  altogether  on  stay-rods,  to  prevent  them 
from  being  forced  asunder,  than  to  leave  any  part  of  the  tension 
to  be  borne  by  the  tubes. 

Tubes  for  the  passage  of  flame  and  hot  gas  are  made  of  brass  or 
of  iron,  and  are  from  1}  to  2  inches  in  diameter  for  locomotives,  and 
from  2  to  4  inches  in  diameter  for  marine  boilers.  They  are  fixed 
tight  in  the  holes  in  the  tube-plates,  either  by  driving  ferules  into 
their  ends,  or  by  rivetting  up  t^e  edges  of  the  ends  themselves,  so 
as  to  make  them  fit  countersunk  grooves  which  surround  the  holes 
on  the  outside  of  each  tube-plate. 

The  principles  of  the  strength  of  cylindrical  internal  flues  have 
been  explained  in  Article  67. 

The  flat  ends  of  cylindrical  boilers  are  veiy  commonly  connected 
with  the  barrels  and  flues  by  means  of  rings  of  angle  iron;  but  such 
rings  are  liable  to  split  at  the  angle;  and  therefore  it  is  considered 
preferable  to  make  the  connection  by  bending  the  edges  of  the 
endmost  plates  of  the  barrel  and  flues.  A  flat  end  to  a  cylindrical 
shell,  or  a  flat  top  to  a  cylindrical  steam  chest,  connected  by  means 
of  an  angle  iron  ring  alone,  without  stay-bars  or  gussets,  is  danger- 
ous at  high  pressures,  even  when  of  small  diameter ;  as  the  angle  iron 
ring,  although  it  may  last  for  a  time  and  be  apparently  safe,  is  almost 
certain  to  split  at  the  angle  in  the  end. 

The  shells  of  stationary  and  locomotive  boilers  are  usually  single- 
rivetted — those  of  maiine  boilers  usually  double-rivetted — that  is, 
the  rivets  form  a  zig-zag  line  at  each  joint.  Horizontal  overlapped 
joints  should  have  the  overlapping  edges  facing  upwards  on  the  side 
next  the  water,  that  they  may  not  intercept  bubbles  of  steam  on 
their  way  upwards.  The  joints  in  horizontal  flues  should  be  so 
placed  that  the  overlapping  edges  shall  not  oppose  the  current  of  gas. 
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Those  parts  of  boilers  which  are  exposed  to  more  severe  or  more 
irregular  stimns  than  the  rest,  or  to  a  more  intense  heat,  should  be 
made  of  the  finest  iron,  such  as  Bowling  or  Lowmoor.  This 
applies  to  the  sides  and  crowns  of  internal  furnaces^  to  tube-plates, 
to  bent  plates  at  the  ends  of  cylindrical  shells,  &c 

313.  Bcattad  Sarfitee— IMBieBatoa*  «ad  C«ane  •f  Fine** — In 
Article  234,  Division  IV.,  there  have  already  been  given  several 
examples  of  the  proportions  usually  borne  by  the  area  of  heating- 
surface  to  the  area  of  the  grate,  and  to  the  number  of  pounds 
of  fuel  burnt  in  an  hour;  and  in  that  Article,  and  the  previous 
Articles  219,  220,  and  221,  have  been  explained  the  principles 
on  which  the  efficiency  of  that  heating-surface  depends.  The  object 
of  the  use  of  tubes  is  to  obtain  a  large  heating-surface  within  a 
moderate  space;  and  this  was  the  nature  of  the  improvement  intro- 
duced by  Booth  and  Stephenson  into  the  construction  of  the 
heating-surface  of  locomotive  boilers.  Tlie  construction  which 
insures  the  greatest  known  heating-surface  relatively  to  the  fiiel 
consumed,  is  that  in  which  the  boiler  consists  mainly  of  a  sort  of 
cage  of  vertical  water-tubes  enclosing  the  furnace,  as  in  Mr.  Crad- 
dock*s  boUer,  where  there  are  from  six  to  ten  square  feet  of  heat- 
ing-surface for  each  pound  of  coal  burned  per  hour;  and  the  efficiency 
is  accordingly  greater  than  that  of  any  other  boiler  which  has  yet 
been  brought  into  continuous  practical  operation  on  the  lai^e  scale. 
(See  Article  234,  Example  IX.,  page  297.) 

Similar  proportions  of  heating-surface  to  fuel  consumed  may  be 
obtained  by  means  of  square  water-tubes  or  cells,  each  containing 
four  hot  gas  tubes,  as  in  Mr.  J.  M.  Ilowan*s  boiler. 

The  sectional  wrea  of  tJye  flues  of  a  boiler  must  not  be  made  too 
laige,  lest  it  should  make  the  boiler  too  bulky,  nor  too  small,  lest 
it  should  cause  too  much  resistance  to  the  draught  Experience 
has  shown,  that  a  sectional  area  of  from  oneflfch  to  one-seveifith  of 
the  area  of  the  grate  answers  well  in  practice.  Where  there  is  a 
bridge  contracting  the  entrance  to  the  flue,  this  applies  to  the  area 
of  the  passages  left  by  the  bridge.  In  multitubular  boilers,  the 
area  to  be  considered  is  the  joirvb  cvrea  of  tlie  wliole  set  of  ttibes, 
which,  when  there  are  ferules  at  their  ends,  is  to  be  measured  within 
the  ferules. 

The  course  taken  by  the  current  of  hot  gas  through  the  flues  and 
tubes  of  a  boiler  is  most  commonly  from  below  upwards  on  the 
whole,  even  when  most  of  those  passages  are  horizontal  It  was 
first  diown  by  Peclet,  and  is  now  generally  recognized,  that  a 
great  advantage  in  point  of  thorough  convection  of  heat,  and  con- 
sequently in  economy  of  fuel,  is  gained  by  causing  the  course  of  the 
hot  gas  to  be  on  the  whole  from  above  dovrnwa/rds,  because  then 
the  hottest  strata  of  the  furnace  gas,  being  uppermost,  spread  them- 
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selves  out  above  the  denser  and  colder  strata  which  are  below,  and 
so  diffuse  themselves  more  uniformly  throughout  aU  the  passages 
than  they  do  when  made  to  ascend  from  below.  This  principle 
was  practically  applied  in  the  Earl  of  Dundonald's  boiler — as  to 
which  see  Article  234^  Example  X.,  page  298,  also  Article  334,  page 
476. 

314.  T«tel  and  KfltoctlTe  Beaiing  Sarlbce. — The  lower  horizontal 
or  nearly  horizontal  surfaces  of  internal  flues  and  tubes,  owing  to 
the  difficulty  with  which  bubbles  of  steam  escape  from  them,  are 
found  to  be  much  less  effective  in  producing  steam  than  the  lateral 
and  upper  sui-faces.  It  is  therefore  common  amongst  engineers  to 
distinguish  between  the  totcU  heating  surfisu^  of  a  boDer  and  the 
effective  heating  surface,  from  which  latter  the  bottoms  of  internal 
flues,  and  one-fourih  of  the  surface  of  each  cylindrical  horizontal 
tube  are  excluded.  On  an  average,  the  effective  heating  surface  is 
from  1  to  I  of  the  total  heating  surface. 

In  all  the  calculations  of  Article  234,  it  is  the  total  heattng-eur^ 
face  which  is  considered. 

315.  Water>Boom  mmtL  9c«nai-R««ai  are  the  names  given  to  the 
volumes  of  water  and  steam  respectively  contained  in  the  boiler 
when  the  surface  of  the  water  is  at  its  proper  mean  leveL  Authori- 
ties differ  as  to  the  relative  proportions  of  water-room  and  steam- 
room  adopted  in  the  practice  of  the  most  skilful  engineers. 
According  to  Mr.  Bourne,  of  the  whole  bailer^oom,  or  internal 
capacity  of  the  boiler,  there  are  very  nearly 

I  water-room,  and  \  steam-room. 

According  to  Mr.  Kobert  Armstrong,  there  are 

i  water-room  and  ^  steam-room; 

and  that  author  considers  that,  with  a  less  proportion  of  steam-room, 
there  is  risk  of  priming^  or  carrying  over  li(][uid  water  from  the 
boiler  to  the  cylinder. 

A  cylindrical  boiler  is  usually  filled  with  water  to  three-fourths 
of  its  depth  or  thereabouts. 

The  practice  with  regard  to  the  absolute  capacity  of  boilers  varies 
very  much.  According  to  Mr.  Bobert  Armstrong,  that  capacity 
ought  to  be — 

For  each  cubic  foot  ofwaler  evaporated  per  hour, 

Steam-room, 13i^  cubic  feet 

Water-room, ]3|        „ 

Total  boiler-room, 27  ,, 
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The  number  of  cubic  feet  of  water  to  be  effectively  evaporated 
per  hour  in  a  given  engine,  per  indicated  horse-power,  is  given  by 
the  formula, 

1980000 

62iU  ' ^  '^ 

where  T7  is  the  work  of  one  lb.  of  steam,  found  by  the  methods  of 
Chapter  III.,  Sections  5  and  6. 

A  useful  mode  of  comparing  the  capacities  of  different  boilers 
is  to  divide  the  boiler-room,  in  cubic  feet,  by  the  area  of  heating- 
sur&ce,  in  square  feet  Thus  is  obtained  a  sort  of  meom  deptfi  in 
feet,  analogous  to  the  hydraulic  mean  depth  of  a  pipe.  Of  the  fol- 
lowing examples,  the  first  three  are  given  on  the  authority  of  Mr. 

Fairbaim's  "  Useful  Information  for  Engineers :" — 

**  Mean  depth.'* 
Feet 

Plain  cylindrical  e^-ended  boiler,  with  external 
flues  below  and  at  each  side,  but  no  internal 
flues, 350 

Cylindrical  boiler  with  external  flues,  and  one 

cylindrical  internal  flue, 1*65 

Cylindrical  boiler  with  external  flues,  and  two 

cylindrical  internal  flues, I'oo 

Stationary  boilers  according  to  Mr.  Bobert  Arm- 
strong's rules, 3-00 

Multitubular  marine  boilers,  about 0*50 

Locomotive  boilers,  and  boilers  composed  of  water- 
tubes,  average  about 0*10 

Boilers  of  large  and  small  capacity  have  each  their  advantages. 
In  favoiir  of  laige  capacity  are,  steadiness  in  the  pressure  of  the 
steam,  ready  deposition  of  impurities,  space  for  the  collection  of  sedi- 
ment, freedom  from  priming.  In  favour  of  small  capacity  are, 
rapid  raising  of  the  steam  to  any  required  pressure,  small  surface 
for  waste  of  heat,  economy  of  space  and  weight  (which  are  of  special 
importance  on  board  ship),  greater  strength  with  a  given  quan- 
tity of  material,  smaller  oamaige  in  the  event  of  an  explosion. 

In  boilers  of  very  small  capacity  in  proportion  to  their  area  of 
heating  surface,  especially  those  composed  of  small  water-tubes,  it 
is  desirable,  and  in  some  cases  necessary,  to  work  with  distilled 
water,  in  order  to  avoid  the  priming,  the  choking  of  the  water- 
spaces  by  salt  or  sediment,  and  the  consequent  burning  of  the  iron, 
which  would  arise  from  the  use  of  water  containing  salt,  mud,  or 
other  impurities.  For  that  purpose  8urf(use  condenseUion  must  be 
employed,  which  has  already  been  treated  of  to  a  certain  extent  in 
Article  222,  and  wUl  be  further  considered  in  the  sequel 
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316.  Feed    BBd    Btow-«tf  A|pp««Ca*^l»Mike7 -£■«!■•  ^Briae 

PoMpa. — ^The  feed-pumps  are  worked  bj  the  engine  itself  when  it  is 
in  motion;  but  when  it  is  standing  still,  and  it  becomes  necessary 
to  feed  the  boiler,  they  are  driven  either  by  hand,  or  by  a  small 
auxiliary  engine  called  a  ^^Domkefy^  For  all  marine  boilers  of  con- 
siderable size,  a  donkey-engine  is  necessary;  and  it  is  used  not 
merely  to  feed  the  boiler,  but  to  drive  the  starting  and  reversing 
gear  of  the  valves  when  required,  and  perform  other  miscellaneous 
duties. 

To  provide  for  leakage  of  water  and  steam^  priming,  blowing-off, 
and  losM  by  the  safety  valves,  the  feed-pump  of  a  land  engine  shoidd 
be  of  such  capacity  as  to  discharge  from  doMe  to  two  and  Orhalf 
Hmea  the  ndt  feed-vxUer  required  by  the  engine,  according  to 

Article  284,  Equation  10,  page  389, )  ^  x^e  ««« 
Article  287,  Equation  17,  page  401,  l»s  *^®  ^ 
or  Article  297,  Equation  12,  page  434,  )     ^^'^  ^' 

In  marine  engines,  a  further  addition  to  the  capacity  of  the  feed- 
pumps must  be  made,  to  provide  for  the  brine  which  is  blown  off  or 
pumped  out.  Ordinary  sea-water  contains  about  »V  of  its  weight  of 
salt  The  brine  in  the  boiler  should  never  be  allowed  to  rise  above 
treble  that  strength ;  and  for  that  purpose  the  volume  of  brine  dis- 
charged should  be  equal  to  half  tfie  vclwnve  of  ths  net  feed-^joater. 
But  it  is  better  still  to  provide  that  the  brine  in  the  boiler  shall 
never  rise  above  double  the  strength  of  ordinary  sea- water ;  and  for 
this  purpose  the  brine  discharged  should  be  equal  to  the  feed-water 
in  volume.  The  result  is,  that  the  discharging  capacity  of  the  feed- 
pumps of  a  marine  engine  is  made  equal  to  from  three  to  four  times 
the  volvme  of  the  nd  feedrwaJter,  There  is,  besides,  a  duplicate  set  of 
feed-pumps,  in  order  that  if  one  breaks  down  the  other  may  be 
used. 

As  to  the  effect  of  salt  in  water  on  its  boiling  point,  see  Article 
206,  Division  VIIL,  pa^  242. 

The  brine  is  discharged  at  a  temperature  on  an  average  140°  or 
150°  higher  than  that  at  which  the  feed- water  is  drawn  from  the 
hot-welL  In  order  that  the  apparatus  of  tubes  and  casing  already 
mentioned  under  head  IX.  of  Ai-ticle  305  may  act  with  the  greatest 
possible  efficiency  in  transferring  heat  from  the  hot  brine  to  the 
feed- water,  it  appears,  by  the  application  of  equations  6  and  7  of 
Article  219,  that  the  surface  of  the  tubes  should  amount  to  about 
'^(jth  of  a  square  foot  per  lb,  of  brine  discha/rged  per  hour;  or  6  J 
sqwirefeet  per  cubic  foot  of  brine  discha/rged  per  howr. 

It  may,  however,  be  sometimes  difficult  or  inconvenient  in  prac- 
tice to  obtain  so  lai^e  a  surface. 

317.  Saictf  TaiTes* — (See  also  Article  113.)— It  is  considered 
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desirable  that  one  at  least  of  the  safety  valves  of  a  boiler  should  be 
loaded  directly,  and  not  through  the  medium  of  a  lever. 

In  stationary  engines  the  load,  whether  applied  through  a  lever  or 
to  the  valve  directly,  consists  usually  of  weights;  and  weights  are 
used  for  the  same  purpose  in  marine  engines  also.  In  locomotives, 
whose  oscillations  render  weights  inapplicable,  the  load  is  applied 
through  a  lever,  by  means  of  a  spiral  spring  contained  in  a  cylin- 
drical case,  like  that  of  the  indicator  (fig.  16,  page  47).  One  end 
of  the  spring  is  attached  to  the  boiler,  the  other  to  the  lever,  by 
means  of  a  rod  whose  effective  length  can  be  adjusted  by  a  screw 
and  nut;  an  index  pointing  to  a  acile  marked  on  the  case  shows 
the  tension  exerted  by  the  spring.  This  mode  of  loading  is  now 
frequently  adopted  for  the  valves  of  marine  boUers.  A  valve  may 
also  be  loaded  directly  by  means  of  a  spring. 

In  a  directly  loaded  safety  valve  introduced  by  Mr.  Nasmyth, 
the  valve  is  a  sphere,  and  has  a  load  hung  to  it  inside  the  boiler, 
Mr.  Fairbaim  loads  the  safety  valve  by  a  weight  and  lever  inside 
the  boiler. 

The  rules  followed  in  practice  for  the  size  of  the  orifice  of  a 
safety  valve  are  very  various.  That  given  by  Mr.  Bourne  is  equi- 
valent to  the  following : — ^Let  A  be  the  area  of  the  piston;  Y,  its 
velocity  in  feH  per  mimde;  P,  the  excess  of  the  pressure  in  the 
boDer  above  that  of  the  atmosphere,  in  lbs.  on  the  square  inch. 
Let  a  be  the  required  area  of  the  safety  valve;  then 

"  =  '*'■  3^  °^'*y (*•> 

Another  mode  of  determining  the  size  of  the  orifice  has  reference  to 
the  rate  of  consumption  of  fuel,  and  consists  in  making 

a  in  square  inches  =  from  rr  to  t7  of  the  number  of  lb&  of  coal 

burned  per  hour (2.) 

This  rule  is  applicable  to  boilers  in  which  the  weight  of  water 
actually  evaporated  per  lb.  of  coal  is  about  6  lbs. ;  consequently  we 
may  substitute  for  it  the  following : — 

a  in  square  inches  =  from  tH  to  tItt  of  the  water  actually 

evaporated  per  hour (3.) 

Another  rule  is 

a  =:  §  square  inches  x  nominal  horse-power (4.) 

Nominal  horse-power  will  be  defined  in  Article  336,  page  479. 
318.  Steel  Beilen. — Eecent  improvements  in  the  manufacture  of 
steel  have  so  &r  diminished  its  cost  as  to  render  it  commercially 

2h 
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available  as  a  material  for  boilers.  Its  tenacity  is  on  an  average 
about  1  -6  times  that  of  iron ;  and  hence,  by  its  use,  boilers  of  a  given 
strength  may  be  made  much  lighter  than  heretofore.  In  the  steel 
steamer  "  Windsor  Castle,"  lately  built  by  Messrs.  Caird  &  Co., 
the  shell  of  the  boiler  is  made  of  steel  plates,  with  steel  riveta  It 
has  to  withstand  a  working  pressure  of  about  40  lbs.  on  the  square 
inch ;  while  its  thickness  is  only  rw  inch,  or  little  more  than  |  of 
the  tibickness  of  an  iron  boiler  of  the  same  strength. 

319.  Prvring  B«iien« — ^Before  any  boiler  is  used,  its  strength 
ought  to  be  tested  by  means  of  the  pressure  of  water,  forced  in  by 
pumps.  The  testing  pressure  (according  to  the  principles  of  Articles 
•59  and  60)  should  be  not  less  than  chMe  the  toarking  pressure,  and 
not  more  than  half  the  bursting  pressure;  that  is  to  say,  as  the 
bursting  pressure  should  be  six  times  the  working  pressure,  the 
testing  pressure  should  be  between  twice  and  three  times  the  work- 
ing pressure.  About  tux>  and  o-AoJ/*  times  the  working  pressure  is 
a  good  medium. 

In  everything  that  relates  to  the  strength  and  testing  of  boilers, 
the  '' pressure"  is  to  be  understood  to  mean  the  excess  of  the  pres- 
sure unthin  the  boiler  above  the  atmospheric  pressure,  as  in  Article 
294. 

The  pressure  of  water  is  to  be  used  in  testing  boilers,  because  of 
the  absence  of  danger  in  the  event  of  the  boiler  giving  way  to  it. 

320.  Expiostons  of  steam  boilers,  so  far  as  they  are  understood, 
arise  and  are  to  be  prevented  in  the  following  manner : — 

I.  From  original  weakness.  This  cause  is  to  be  obviated  by  due 
attention  to  the  laws  of  the  strength  of  materials  in  the  designing 
and  construction  of  the  boiler,  and  by  testing  it  properly  before  it 
is  subjected  to  steam  pressure. 

II.  From  weakness  produced  by  gradual  corrosion  of  the  ma- 
terial of  which  the  boiler  is  made.  This  is  to  be  obviated  by 
frequent  and  careful  inspection  of  the  boiler,  and  especially  of  the 
parts  exposed  to  the  direct  action  of  the  fire. 

III.  From  wilful  or  accidental  obstruction  or  overloading  of  the 
saiety  valve.  This  is  to  be  obviated  by  so  constructing  safety 
valves  as  to  be  incapable  of  accidental  obstruction,  and  by  placing 
at  least  one  safety  valve  on  each  boiler  beyond  the  control  of  the 
engineman. 

IV.  From  the  sudden  production  of  steam  of  a  pi-essure  greater 
than  the  boiler  can  bear,  in  a  quantity  greater  than  the  safety  valve 
can  discharge.  There  is  much  difference  of  opinion  as  to  some  points 
of  detail  in  the  manner  in  which  this  phenomenon  is  produced ; 
but  there  can  be  no  doubt  that  its  primary  causes  are — ^first,  the 
overheating  of  a  portion  of  the  plates  of  the  boiler  (being  in  most 
cases  that  portion  called  the  crown  of  tfie  furnace,  which  is  directly 
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over  the  fire),  so  that  a  store  of  heat  is  accumulated — and,  secondly, 
the  sudden  contact  of  such  overheated  plates  with  water,  so  that 
the  heat  stored  up  is  suddenly  expended  in  the  production  of  a 
large  quantity  of  steam  at  a  high  pressure.  Some  engineers  hold, 
that  no  portion  of  the  plates  can  thus  become  overheated,  unless 
the  level  of  the  suriace  of  the  water  sinks  so  low  as  to  leave  that 
portion  of  the  plates  above  it,  and  uncovered;  others  maintain, 
with  M.  Boutigny,  that  when  a  metallic  surfiEbce  is  heated  above  a 
certain  elevated  temperature,  water  is  prevented  from  actually 
touching  it  either  by  a  direct  repulsion,  or  by  a  film  or  layer  of 
very  dense  vapour;  and  that  when  this  has  once  taken  place,  the 
plate,  being  left  dry,  may  go  on  accumulating  heat  and  rising  in 
temperature  for  an  indefinite  time,  until  some  agitation,  or  the 
introduction  of  cold  water,  shall  produce  contact  between  the  water 
and  the  plate,  and  bring  about  an  explosion.  All  authorities, 
however,  are  agreed,  that  explosions  of  this  class  are  to  be  pre- 
vented by  the  following  means : — 1.  By  avoiding  the  forcing  of  the 
fires,  which  makes  the  boiler  produce  steam  £aster  than  the  rate 
suited  to  its  size  and  surface.  2.  By  a  regular,  constant,  and  suffi- 
cient supply  of  feed  water,  whether  regulated  by  a  self-acting 
apparatus,  or  by  the  attention  of  the  engineman  to  the  water 
gauge ;  and  3,  Should  the  plates  have  actually  become  overheated, 
by  abstaining  from  the  sudden  introduction  of  feed  water  (which 
would  inevitably  produce  an  explosion),  and  by  drawing  or  extin- 
guishing the  fires,  and  blowing  off  both  the  steam  and  the  water 
from  the  boiler. 

321.  Internal  DepMiu. — Boilers  are  liable  to  become  encrusted 
inside  with  a  hard  deposit  of  the  minerals  contained  in  the  water, 
which,  by  resisting  the  conduction  of  heat,  impairs  at  once  the 
evaporative  power  of  the  boiler,  its  durability,  and  its  safety.  The 
deposition  of  carbonate  of  lime  can  be  prevented  by  dissolving  sal- 
ammoniac  in  the  water;  for  that  salt  and  the  carbonafce  of  lime 
are  mutually  decomposed,  producing  carbonate  of  ammonia  and 
chloride  of  calcium,  of  which  both  are  soluble  in  water^  and  the 
former  is  volatile.  The  deposition  of  sulphate  of  lime  can  be  pre- 
vented by  dissolving  carbonate  of  soda  in  the  water ;  the  products 
being  sulphate  of  soda  and  carbonate  of  lime,  of  which  the  former 
is  soluble,  and  the  latter  falls  down  in  grains,  and  does  not  adhere 
to  the  boiler.  The  most  efiectual  meauA  of  preventing  internal 
incrustation  are,  either  a  regular  system  of  blowing  off  the  water 
before  it  becomes  too  highly  charged  with  impurities,  like  that 
described  in  Article  316;  or  the  use  of  water  so  pure  as  to  yield 
no  deposit;  whether  such  water  be  obtained  from  a  natural  source, 
or  by  means  of  surface  condensation. 

A  peculiar  deposit  of  an  unctuous  nature  has  been  found  to  clog 
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the  water  spaces  of  the  boilers  of  some  of  the  engines  in  which  sur- 
face condensation  has  been  employed.  That  deposit  consists  of  the 
grease  or  oil  used  to  lubricate  the  cylinder,  partially  altered  and 
decomposed  It  can  be  obviated  by  introducing  little  or  no  grease 
or  oil  into  the  cylinder;  and  to  make  that  practicable,  the  suiface 
of  contact  between  the  packing  of  the  piston  and  the  interior  of  the 
cylinder  must  be  lubricated  with  water.  In  order  that  a  small 
quantity  of  water  may  remain  in  the  cylinder  in  the  liquid  state 
for  that  purpose,  the  heating  of  the  steam,  whether  by  means  of  a 
superheating  apparatus  or  of  a  steam  jacket  round  the  cylinder, 
must  not  be  carried  so  far  as  whoUy  to  prevent  condensation  in  the 
cylinder.     On  this  point,  see  Article  286,  page  396. 

322.  An  Kxtcnud  Crmu  of  a  carbonaceous  kind  is  often  deposited 

from  the  flame  and  smoke  of  the  furnaces  in  the  flues  and  tubes, 

and  if  allowed  to  accumulate,  seriously  impairs  the  economy  of  fiieL 

It  is  removed  from  time  to  time  by  means  of  scrapers  and  wire 

brushes.     The  accumulation  of  thiB  crust  is  the  probable  cause  of 

the  fact,  that  in  some  steam-ships  the  consumption  of  coal  per 

indicated  horse-power  per  hour  goes  on  gradually  increasing,  until 

it  reaches  one  and  a-half  its  original  amount,  and  sometimes  more. 

The  following  is  an  example  of  that  increase,  from  an  ocean  steamer 

of  great  sixe  and  power : — 

Goid  per  I.  H.-P., 
per  hour. 
Lbs. 

On  trial  trip, 3.5 

On  1st  day  of  voyage, 3*6 

On  6th  day, 4-68 

On  11th  day, 4-55 

On  26th  day, 532 

On  30th  day, 584 

On  32d  day, 465 

On  39th  day, 6'io 

The  increase  in  the  consumption  of  fuel,  although  not  absolutely 
continuous,  and  sometimes  even  reversed  to  a  small  extent,  is  still 
sufficiently  marked  to  prove  a  progressive  &lling  off  in  the  efficiency 
of  the  furnace  and  boiler. 

323.  NoMtaia  K«rMy9*wcr  of  BoUcn. — ^Boilers,  especially  those 
of  stationary  engines,  are  sometimes  stated  to  be  of  so  many  horse- 
power. This  is,  in  fact,  a  conventional  mode  of  describing  the  dimm- 
sums  of  the  boiler,  according  to  an  arbitrary  rule.  The  roles 
employed  for  estimating  the  nominal  horse-power  of  boilers  have 
been  various,  and  most  of  them  vague  and  indefinite.  A  perfectly 
definite  rule,  however,  has  been  proposed  by  Mr.  Hobert  Axinstrong, 
as  being  founded  on  the  best  ordinary  practice,  viz. : — 
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Take  a  maan  proportional  betioeai  the  ar«a  of  lh»Juf«ffralevt$quaiv 
fiel,  and  (he  area  of  the  ^ective  heating  wwrfaee  in  tqriare  ya/rde. 

The  nominal  horse-power  of  the  boiler  is  generally  much  leas 
than  the  indicated  horae-power  of  the  engine,  ia  which  it  beaiB  no 
fixed  proportion. 

Sbction  2. — Exaimplet  of  Furnaces  and  Boitert. 

—This  form  of  boiler,  vliicb  is  Eoitable  for 


Fig.  m. 

low  prosBure  steam  only,  was  introduced  by 
Boulton  and  Watt,  and  was  for  a  long  time 
the  most  generally  used  of  all  boilers.  A 
great  number  of  wagon  boilers  are  still  in 
use,  but  as  their  maniilacture  has  been  almost, 
if  not  wholly,  given  up,  they  will  probably 
disappear  by  degrees. 

Fig.  116  is  a  longitudinal  section,  showing 
the  general  arrangement  of  the  principal 
append^es  of  the  boiler;  fig.  117  a  crosi^ 
section.      A   ia  the   grate;   B,   the  boiler; 
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0,  C,  0,  0,  stay-rods;  D,  the  bridge;  N,  N,  flues.  The  flame  or 
furnace  gas  proceeds  from  the  furnace  over  the  bridge,  and  back- 
wards along  the  flue  below  the  boiler;  it  returns  forwards  along 
one  of  the  lateral  flues  N,  and  again  proceeds  backwards  along  the 
other  lateral  flue  to  the  chimney.  This  course  of  the  hot  gas  ia 
called  a  whed-draughl.  In  the  figure  the  boiler  has  no  internal  flue ; 
sometimes  there  is  a  cylindrical  internal  flue,  along  which  the  hot 
gas  returns  forwards,  and  then  divides  into  two  currents^  which 
proceed  backwards  to  the  chimney  along  the  lateral  flues.  This  ia 
called  a  split'draught, 

W  and  S  are  water-gauge  cocks;  M,  the  man-hole;  I,  the  steam 
pipe;  Y,  the  safety  yidve;  F  is  the  stone  float,  partially  counter- 
poised, whose  rising  and  falling  regulates  the  Talve  for  the  admis- 
sion of  the  feed- water.  The  column  of  water  in  the  vertical  feed- 
pipe in  these  old  low-pressure  boilers  acts  as  a  pressure  gauge,  and  a 
float  on  the  surface  of  that  column  is  seen  to  be  connected  by  a 
chain  over  a  pulley  with  the  damper,  whose  opening  it  regulates. 

325.  CyUndrimi  Egg-Ended  Boiler. — This  boiler  consists  simply 

of  a  cylindrical  shell  with  hemispherical  endsi 
Its  figure  is  very  fEtvourable  to  strength  and 
safety,  with  a  high  pressure;  but  it  requires 
great  length  as  compared  with  other  boilers 
to  give  si&cicnt  heating  surface.  In  the  cross- 
section,  fig.  118,  A  is  the  grate,  occupying 
a  length  which  ought  not  to  exceed  about  six 
feet  under  the  front  end  of  the  boiler;  B,  the 
boiler;  D,  the  bridge,  made  concave  at  the 

Fig.  118.  top  so  as  to  be  parallel  to  the  bottom  of  the 

boiler;  N,  N,  the  flues,  through  which  the  hot 
gas  forms  a  udhed-draught,  as  in  Article  324, 

This  boiler,  like  the  wagon  boiler,  is  sometimes  made  with  an 
internal  flue,  by  which  the  deficiency  of  heating  surface  compared 
with  capacity  is  to  a  certain  extent  made  up. 

A  serious  defect  of  the  cylindrical  boiler  with  the  furnace  below 
it  is,  that  the  bottom  of  the  boiler  where  sediment  collects  is  the 
part  exposed  to  the  most  intense  heat.  Unless,  therefore,  the  water 
used  is  of  uncommon  purity,  the  bottom  of  the  boiler  is  liable  to 
bum.  Cylindrical  boilers  are  sometimes  made  without  lateral  flues ; 
the  hot  gas  flowing  straight  along  the  bottom  of  the  boiler  from  the 
furnace  to  the  chimney.  This  arrangement  is  called  a  ''flash 
flue."  It  requires  a  greater  length  for  a  given  heating  surface  than 
any  other  form  of  boiler. 

326.  Retort  Boiler. — ^This  is  the  name  given  by  Messrs.  Dunn 
&  Hattersley  to  a  boiler  introduced  by  them,  in  order  to  obtain  the 
strength  of  the  cylindrical  egg-ended  boiler,  without  its  disadvan- 
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tages  in  poiot  of  oompactnesB,  economj  of  fiiel,  and  dnrabilitj.  It 
<Kiiuist8  of  A  number  of  small  cjlindricaJ  egg-ead&A  Bhella  laid  aide 
by  aide,  parallel  and  horizontally,  above  the  furnace  and  fluea ;  these 
contain  water  to  about  three-quuteia  of  their  depth,  and  in  them 
the  boiling  takes  place;  they  all  communicate  upwards  with  oni 
long  cylindrical  ^jg-ended  ahell  which  acta  aa  a  steam  chest,  and 
below  with  another  which  aervea  as  a  sediment  collector. 

327.  CriiH'riMl  ■•!■»  wiib  HcMciB. — Thia  is  called  in  Britain 
the  "  French  boiler,"  from  being  much  used  in  France.  In  Franoe 
it  ie  called  "  chandi^re  i>  bouilleara."     Fig.  1 19  shows  a  longitudi- 


nal BectioQof  the  furnace  and  £ues,  and  udeele\'ation  of  the  boiler; 
fig.  120  showa  a  cross-section  of  the  boiler,  furnace,  and  flues. 

A  is  the  main  boiler  shell,  cylindrical,  with  hemispherical  ends; 
B,  B,  the  heaters,  or  "  bouilleura,"  being  horizontal  cylindrical 
sheila  of  Braatler  diameter  than  the  main  shell,  having  their  back' 
ward  ends  hemispherical  or  segmental,  and  their  forward  ends 
closed  by  covers,  so  aa  to  serve  as  "  mud-holes "  for  the  clean- 
sing out  of  sediment  when  required ;  C  C  C,  C  C  C,  are  two  rows 
of  vertical  tubes,  which  connect  the  main  boiler  shell  with  the 
heaters.      D   is  a  hmizontol  brick  partition,  at  the  level  of  &a 
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upper  halves  of  the  heaters ;  E,  ibe  funuiee ;  F  (fig.  120),  tlie 
passage  over  the  bridge  from  the  furnace  to  the  flame-bed. 
The  space  above  the  horizontal  partitioD  D 
is  divided  by  two  parallel  brick  partitions, 
occupying  the  intervals  of  the  two  rows  of 
vertit^  tubes,  into  three  parallel  fiues,  H,  G,  H. 
L  is  the  chinuiey ;  M,  the  damper ;  cf  is  tlie 
gloss  water-gauge  in  firont  of  the  boiler.  On 
the  top  of  the  main  shell  are  seen  the  man- 
hole, ^ety  valves,  and  other  appendages.  In 
fig.  119,  at  the  iMck  of  the  furnace,  is  seen 
one  of  a  row  of  curved  passages,  opened  and 
I  closed  by  a  sliding  valve,  for  admitting  jets  of 
air  above  the  fuel  through  holes  in  the  front 
of  the  bridge ;  at  the  front  of  the  furnace  is 
seen  a  dead-plate. 

The  fiame  and  hot  gas  pass  backwards 
through  F;  then  forwards tlmjugh  Q;  then 

fby    a   "split-draught,"   backwards  through 
the  lateral  flues  H,  H ;  and  then  to  ^e 
chimney. 
This  boiler  is  considered  both  safe  and 
efficient     In  France  the  heaters  and  con- 
y,,:„,,^^^^^^^^ifi  necting  tubes  are  often  made  of  cast  iron  ; 
Z'^^'^^^^^^%.    jjj  Britain  that  material  is  considered  unsafe 
Fig.  120,  for  boilers. 

328.  Tha  CnvUh  BaOcr  in  its  simplest 
form  consists  of  a  horizontal  cylindrical  shell  B  (fig.  121),  with  an 
internal  cylindrical  flue,  whose  diameter  is  ftths  of  that  of  the 
shell  or  thereabouts.  In  the  front  eud  of 
that  flue  is  situated  the  internal  furnace, 
of  which  A  is  the  grate,  and  D  the  bridge. 
The  external  flues  may  be  arranged  either 
for  a  split -draught  or  a  wheel-draught. 
The  figure  shows  the  arrangement  for  a 
split-draught.  The  current  of  furnace  gas, 
after  having  passed  backwards  over  the 
bridge  and  ^ong  the  internal  flue,  divides 
into  two  streams,  which  pass  forwards  along  the  side  flues  E,  £; 
then  those  streams  re-unite,  and  pass  backwards  along  the  bottom 
flue  F  to  the  chimney.  In  this  form  of  boiler  the  furnace  gas 
takes  a  descending  course,  of  which  the  advantages  have  been 
stated  in  Articles  220  and  313j  the  bottom  of  the  boiler,  where 
the  feed-water  first  mingles  with  the  rest,  and  where  deposit  tends 
to  settle,  is  tiie  coolest  portion;   and  the  hottest  portion  (the 
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crown  of  the  fdroace)  is  near  the  surface,  where  the  steam  is 
given  off.  All  these  circumstances  are  favourable  to  durability 
and  economy. 

The  crown  of  the  furnace,  and  a  portion  of  the  top  of  the  flue 
beyond  the  bridge,  are  sometimes  lined  with  a  brick  arch,  to  pre- 
vent the  flame  from  being  cooled  and  extinguished  by  contact  with 
the  plates  of  the  boiler  before  the  combustion  of  the  coal  gas  is 
complete. 

The  part  of  the  internal  flue  behind  the  bridge  is  sometimes  made 
a  little  narrower  than  the  part  which  contains  the  furnace. 

Boilers  of  this  class  have  in  many  cases  given  way  by  the  collaps- 
ing of  the  internal  flue.  The  principles  upon  which  the  strength 
of  that  flue  depends,  discovered  by  Mr.  Fairbaim,  have  been 
explained  in  Article  67,  pages  70,  71. 

The  dotted  circle  C  represents  a  heater,  or  horizontal  water-tube, 
like  those  of  the  French  boiler,  which  is  sometimes  placed  within 
the  internal  flue  of  the  Cornish  boiler,  in  the  part  behind  the 
bridge.  It  is  connected  by  one  or  more  vertical  water-tubes,  with 
the  water-space  at  the  bottom  of  the  main  boiler,  and  by  a  siphon- 
shaped  tube,  beyond  the  backward  end  of  the  main  boiler,  with  the 
steam-space  at  the  top. 

329.  CyUn&ritmi  Doable-Faniace  B«iler. — ^A  cross-section  of  a 
boiler  of  this  class  is  shown  in  fig.  122.  The 
boiler  consists  of  a  cylindrical  shell,  with  a  pair  of 
similar  and  parallel  internal  flues,  whose  diame- 
ter is  i^ths  of  that  of  the  aheU,  or  thereabouts. 
Each  of  these  flues  contains  in  its  front  end 
an  internal  furnace,  like  that  of  the  Cornish 
boiler.  Those  furnaces  are  fired  alternately,  in  '  ^^  J^ 
order  to  promote  complete  combustion,  as 
stated  in  Article  230,  page  282.  The  external  flues  form  either  a 
wheel-draught  (as  shown  in  fig.  122),  or  a  split-draught  (as  shown 
in  fig.  121). 

In  one  form  of  this  boiler  the  two  internal  flues  run  parallel  to 
each  other  from  end  to  end  of  the  boiler.  This  pi*events  the  mixing 
of  the  gases  from  the  two  frimaces  imtil  they  have  been  considerably 
cooled;  and  to  remedy  that  defect,  in  some  boilers  a  series  of  trans- 
verse tubes  have  been  introduced,  at  and  near  the  bridges,  to  make 
an  early  communication  between  the  two  ctun*ents  of  fiu-nace  gas. 

In  another  form,  the  two  flues  unite  into  one  at  a  short  distance 
behind  the  bridges,  so  that  the  entire  combination  of  flues  has  a 
forked  shape.  The  combustion-chamber  where  the  flues  unite,  is 
sometimes  strengthened  against  collapsing  by  means  of  vertical 
water-tubes  traversing  it,  and  acting  as  hollow  pillars  or  struts,  to 
keep  the  top  and  bottom  asunder. 
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330.  Crll^rical   Daable-FarMce    Takalu-  BsHcr. — ^ThlB  boiler, 

introduced  bj  Mr.  Fairboirn,  is  tike  a  forked-flue 
boiler,  in  wluch,  for  the  single  part  of  the  inter- 
nal flues,  is  substituted  a  set  of  parallel  tubes. 
The  cross-section  of  the  two  fumacea  is  similar  to 
fig.  122.  Fig;  123  is  a  horizontal  section  of  the 
boiler.  A,  A,  are  the  grates;  B,  B,  dead-plates; 
1),  D,  bridges;  E,  mixing-chamber  or  flame-chamber; 
F,  F,  front  tube-plate;  Q,  tubes;  H,  H,  back  tub^^ 
plate,  and  backward  end  of  boiler.  According  to 
the  usual  proportions  of  this  boiler,  the  length  of  the 
tnbes  is  about  one-half  of  the  total  length  of  the 
boiler.  It  has  external  flues,  like  the  boiler  of  the 
last  Article. 

331.  MsHae  vi»  B*n«n,  as  stated  in  Article  305,  ore  of  a  shape 
approximating  to  rectangular,  with  the  corners  more  or  less 
miinded,  and  the  top  more  or  less  arched :  strength  to  resist  inter- 
nal pressure  is  given  by  staj's  and  nbn.  Each  boiler  usually  contains 
two  or  more  internal  furnaces,  of  an  oblong  rectangular  shape,  often 
arched  at  the  top  also.  These  furnaces  stand  in  a  row  within  the 
boiler,  near  its  bottom.  The  bridges  are  sometiiiies  water-spaces, 
but  are  more  generally  of  fire-brick.  The  remainder  of  the  interior 
of  the  boiler-shell,  up  to  within  about  ten  inches  or  a  foot  of  the 
proper  water-level,  contains  a  aet  of  flues,  of  a  form  of  section  nearly 
rectangular  with  rounded  comers.  One  of  thesB  flues  starts  irom 
each  of  the  furnaces,  and  takes  a  winding  course  within  the  boUer, 
according  to  the  judgment  of  the  designer.  FinaUy,  all  the  flues 
unite  in  an  ascending  flue  called  the  "uptake,"  which  leads  to  the 
chimney.  The  steam  chest  is  usually  a  rectangular  or  cylindrical 
box,  sometimes  with  a  hemispherical  dome,  enveloping  the  upper 
pari  of  the  uptake  and  lower  pert  of  the  chimney,  so  that  the  st^un 
niOT  be  dried,  and  in  some  cases  partially  superheated. 

The  variety  of  forms  and  arrangements  of  flues  in  marine  boilers 
is  such  as  to  defy  classification.  One  of  the  most  remarkable  foi'ms 
is  the  spiral  flue,  winding  round  a  vertical  axis  through  the  water- 
space  and  Btean[i-space,  which  latter  ascends  to  a  considerable 
height,  in  order  to  dry  and  superheat  the  steam  efiectually:  an 
invention  of  Mr.  John  Elder.  The  chimneys  of  marine  boilers  are 
sometimes  made  to  lengthen  and  shorten  like  the  tube  of  a  tele- 
scope, so  that  they  can  be  lowered  when  the  vessel  is  going  under 

332.  nikriiM  TnkaUr  Baiim — ^Thc  general  arrangement  of  parts 
in  this  class  of  boilers  is  shown  in  fig.  124,  which  is  a  longitudinal 
section,  showing  oite/untatx,  with  its  flue,  tubes,  and  communica- 
tion with  the  uptake  and  chimney.     Any  required  number  of  such 
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fumaoeSy  aoootdiog  to  the  breadth  of  the  boiler,  maj  be  ranged  edde 
by  side  within  the  boiler.  A,  A,  is  the  grate;  B,  the  dead-plate; 
C,  the  ash-pit;  D,  the  bridge;  £,  the  rising  flue,  flame-chamber,  or 
«  back  uptake;"  F,  F,  F,  F,  the  tube-plates  and  tubes;  G,  G,  the 


Fig.  124. 

uptake,  having  doors  in  front  for  the  removal  of  soot  and  other  dirt, 
and  for  access  to  the  tubes  to  cleanse  or  repair  them;  H,  the 
chimney.  The  figiire  shows  a  few  of  the  stay-rods  within  the 
boiler. 

In  the  figure,  the  tubes  are  represented  as  horizontal ;  they  are 
often,  however,  made  to  have  a  slope,  parallel  or  nearly  parallel  to 
that  of  the  grate-bar&  The  height  from  the  furnace-crown  to  the 
lowest  row  of  tubes  should  be  si&cient  to  allow  the  space  between 
them  to  be  cleansed 

The  most  usual  diameter  of  marine  boiler  tubes  is,  as  formerly 
mentioned  in  Article  305,  three  inches;  they  are  sometimes,  however, 
used  of  smaller  diameters,  ranging  down  to  1^  inch  internal  dia- 
meter. 

333.  Bctachedl-Fanace  B«il«i-— This  has  already  been  mentioned 
in  Article  228,  page  279;  Article  230,  page  283;  and  in  Articles 
303, 304,  and  310,  pages  449, 450,  and  45&   Fig.  125  is  a  horizontal 
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section  of  a  double  fumaoa  of  thia  kind,  used  at  8t  Rolloz,  ahowiitg 
a  Bmall  portion  of  the  boiler;  fig.  126  is  &  cross-eection  of  the  fur- 
nace; fig.  127  a  crosij-section  of  the  boiler  and  flues.  These  three 
figures  are  on  a  scale  of  i^  of  the  real  dimensions ;  A,  A,  are  the 


pig.  in. 


dead-plates;  B,  B,  the  grates;  C,  the  brick  partition  betwe^i  the 
two  grates  and  tlieir  aah-pits;  D,  D,  air-spaces  in  the  brickwoik  of 
the  sides  and  roof  of  the  fomace,  to  resist  the  conduction  of  heat ; 
H  flame  chamber,  tapering  so  as  to  join  the  internal  flue  E,  of  the 
boiler    F  F  side  flues;  G,  bottom  flue. 

"  ~  'JS  IB  a  longitudinal  section  of  a  mouthpiece  and  dead- 
)  late,  showing  the  heap  of  dross  which  acts  as  a  fire- 
door  (see  Article  310),  and  the  air-holes  in  the  thickness 
of  the  top  of  the  mouthpiece.  Fig.  129 
^,^T^T~~-~^  ^^  *  front  view  of  the  mouthpiece,  show- 
/^Plii^  jng  the  air-holes.  These  two  figures  are 
.—,  _^  ^^  ^  ^^j^  of  rr  ofthe  real  dimensions. 
(I  — II         In  some  of  the  boilers,  the  internal 

flue,  instead  of  traversing  the  boiler  from 
end  to  end,  is  of  a  T-shape  at  the  back- 
9  leading  into  the  two  side  flues  F,  F. 


Fig  123  Tig.  129. 

ward  end,  the  two  branches 

In  othera,  there  is  a  single  cyKndrical  flue  for  half  the  length  of  the 
boiler,  and  a  set  of  tubes,  as  in  fig.  133,  page  474,  for  the  other 
half  of  the  length.  These  forms  of  flue  were  introduced  by  Mr. 
John  Tennent. 

334.  niMelhwesBi  Varau  *t  Ballcv. — Various  kinds  of  boilers, 
presenting  great  diversities  of  form  and  arrangement,  have  already 
been  incidentally  mentioned  and  described  generally,  such  as  Mr. 
Craddock's  boiler  (Articles  303,  305,  313,  315).  With  reference 
to  this  boiler,  it  may  here  be  added,  that  the  vertical  water-tubes 
have  a  portion  slightiy  curved,  in  order  that  when  expanded  by 
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heat,  they  may  yield  sideways,  and  not  strain  the  framework  of  the 
boiler.  The  JBjarl  of  Dundonald's  boiler,  mentioned  in  Article  234, 
Example  X.,  consists  of  a  shell  like  that  of  a  marine  flue-boiler, 
but  somewhat  longer  and  lower.  Within  that  shell  are,  the  fur- 
nace, the  flame-chamber,  and  the  uptake,  all  at  the  same  or  nearly 
the  same  leveL  The  flame  passes  from  the  tap  of  the  furnace  into 
the  top  of  the  flame-chamber,  which  is  traversed  by  a  great  number 
of  vertical  water-tubes :  from  the  bottom  of  this  chamber  the  hot 
gas  passes  into  the  uptake,  in  contact  with  which  is  a  steam  chest 
communicating  at  its  top  with  the  top  of  the  boiler.  At  the 
passage  of  communication  is  a  centrifrtgal  fan,  so  placed  as  to  throw 
the  spray  that  is  mixed  with  the  steam  back  into  the  boiler. 

Amongst  vertical  tube  boilers  may  be  mentioned  one  of  Mr. 
David  Napier's,  which  has  been  used  to  some  extent  in  practice. 
The  shell  is  cylindrical  and  vertical,  with  a  hemispherical  top. 
Within  it  is  a  vertical  cylindrical  flame-chamber,  and  within  the 
flame-chamber  are  numerous  vertical  water-tubes,  communicating 
above  with  the  steam  space  at  the  top  of  the  boiler,  and  below 
with  a  flattened  hollow  disc,  or  ^'  pan,"  which  is  above  the  fire,  and 
is  connected  by  horizontal  tubes  with  the  surrounding  annular 
water  n)ace. 

The  tocomotwe  boiler  will  be  iUustrated  along  with  the  engine,  in 
the  next  chapter. 
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CHAPTER  V. 

OF  THE  HECHANISX  OF  SKEAM  ]OrOIN1E& 

Section  1. — Of^  Me^ianiem  of  Steam  Engines  in  general. 

335.  EnfinM  ciuMdt — All  steam  engines  may  be  divided  into 
two  great  classes,  according  as  tbey  are  or  are  not  provided  with 
apparatus  for  condensing  the  steam  at  a  pressure  lower  than  the 
atmospheric  pressure ;  that  is  to  say,  with  a  low  preaswre  carhdeneer, 
and  its  appendaires.     These  classes  are— 

I.  cJLdfT<>r  hu>  presmre  mgin^ 

TL  Non-condendngy  or  high  presmre  engines. 

The  difference  between  those  two  classes  of  engines,  in  so  far  as 
it  affects  the  efficiency  of  the  steam,  has  been  treated  of  already  in 
Article  280,  pages  381,  382,  383,  and  in  Article  289,  pages  410, 
411.  The  kind  of  locomotive  mentioned  in  Article  412,  which 
condenses  part  of  its  waste  steam  at  the  atmospheric  pressure, 
belongs  more  properly  to  the  second  class  than  to  the  first. 

Engines  of  the  second  class  are  on  the  whole  less  economical 
of  fuel  than  those  of  the  first  class  j  but  as  they  have  fewer  parts, 
and  occupy  less  space,  they  are  much  used  where  simplicity  and 
compactness  are  considered  of  more  importance  than  economy  of 
fueL 

A  second  mode  of  classing  steam  engines  is  founded  on  the  mode 
in  which  the  steam  acts  upon  the  piston,  and  is  as  follows : — 

I.  Single  acting  engines,  in  which  the  steam  performs  its  work 
by  its  action  on  one  side  of  the  piston  only. 

II.  Douhle  acting  engines,  in  which  the  steam  exerts  enex^  on 
either  side  of  the  piston  alternately. 

IIL  Rotatory  engines,  in  which  the  steam  drives  a  revolving 
piston  round. 

The  way  in  which  the  difference  between  single  and  double  act- 
ing engines  affects  the  calculation  of  the  power  has  already  been 
explained  in  Article  43,  page  50,  and  referred  to  in  Article  260, 
pages  333,  334,  Article  263,  page  339,  and  elsewhere. 

A  third  mode  of  classification  distinguishes  engines  into— 

I.  Non-rotative,  in  which  no  continuous  rotation  is  produced,  as 
in  single  acting  pumping  engines,  steam  hammers,  and  direct  acting 
beetling  machines. 
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IL  Rotative  engines,  in  whicli  the  motion  is  finally  communi- 
cated to  a  continuously  rotating  shaft. 

Hotative  engines  are  now  the  most  common.  Non-rotativo 
engines  are  exceptional 

A  fourth  mode  of  classing  engines  is  founded  on  their  purposes, 
as  foDows : — 

L  StoUumary  engines,  such  as  those  used  for  pumping  water,  for 
driving  manufacturing  machineiy,  <(?c. 

II.  Portable  engines,  which  can  be  removed  from  place  to  place, 
but  are  stationaty  when  at  work. 

III.  Jfarine  engines^  for  propelling  vessels. 

lY.  Locomotive  engines,  for  propelling  vehicles  on  land. 

Stationary  engines  exist  of  all  the  classes  belonging  to  the  three 
previous  modes  of  classification.  Portable  engines  are  usually  non- 
condensing,  to  save  space,  and  to  adapt  them  to  situations  where 
injection  water  cannot  be  obtained  in  sufficient  quantity.  Most  of 
them  are  also  double  acting  and  rotativa  Marine  engines  arc  in 
general  condensing,  double  acting,  and  rotative.  Locomotive  engines 
are  almost  all  non-condensing,  and  all  double  acting  and  rotative. 

336.  Nominal  Uone-powcr  is  a  conventional  mode  of  describing 
the  dimensions  of  a  steam  engine,  for  the  convenience  of  makers 
and  purchasers  of  engines,  and  bears  no  fixed  relation  to  indicated 
or  to  effective  horse-power. 

The  mode  of  computing  nominal  horse-power,  established  amongst 
dvU  manufacturers  of  steam  engines  by  the  practice  of  Messrs. 
Boulton  and  Watt,  is  as  follows: — 

Assume  the  velocity  of  the  piston  to  be  128  feet  per  minute 
X  cube  root  of  length  of  stroke  in  feet; 

Assume  the  mean  effective  pressure  to  be  7  lbs.  on  the  square 
inch; 

Then  compute  the  horse-power  from  those  fictitious  data,  and  the 
area  of  the  piston;  that  is  to  say. 

Nominal  H.-P.  =  7  x  128  x  \J  stroke  in  feet 

X  area  of  piston  in  square  inches  -f-  33,000 

_  y  stroke  in  feet  x  area  piston  in  inches 
"  47  nearly 

^J  stroke  in  feet  x  diam.^  in  inches  ,,  » 
60                          ^  ' 

The  indicated  power  of  different  engines  usually  exceeds  the 
nominal  power  as  computed  by  the  above  rule  in  proportions  rang- 
ing from  1^  to  5. 

In  the  rule  established  by  the  Admiralty  for  computing  nominal 
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horse-power,  the  rec^  velocity  of  the  piston  is  taken  into  account; 
but  the  Jictiltoits  effective  pressure  of  7  lbs.  on  the  square  inch  is 
assumed;  consequently,  by  the  Admiralty  rule, 

Nominal  H.-P.  =  velocity  of  piston  in  feet  per  minute 

X  area  of  piston  in  inches  x  7  -^  33,000 

^  velocity  in  feet  per  min.  x  dianL^  in  inches  .^ . 

"  6000  ^  '^ 

The  indicated  power  of  marine  engines  ranges  from  once  to  tJiree 
times,  and  is  on  an  average  about  twice  the  nominal  power  as  com- 
puted by  the  Admiralty  rula 

Both  the  civil  rule  and  the  Admiralty  rule  for  computing  the 
power  of  engines  are  applicable  to  low  pressure  engines  idone.  For 
high  pressure  engines  there  is  a  customary  rule  proposed  by  Mr. 
Bourne,  which  consists  in  assuming  the  effective  pressure  to  be  21 
lbs.  per  square  inch,  the  other  data  being  the  same  as  in  the  rule 
for  low  pressure  engines. 

337.  EnnmenitioB  of  ike  Priaclpal  Parte  of  nm  Baglne. — I.  The 
boiler  and  cylinder  are  connected  by  means  of  the  steam  pip^t  ^^ 
which  is  the  stop  valve,  already  mentioned  in  Ai*ticle  305,  Divi- 
sion XL:  also,  the  throttle  wUve  or  refftdatoTf  for  adjusting  the 
opening  for  the  admission  of  steam  to  the  cylinder,  which  in  some 
engines  is  regulated  by  hand,  and  in  others  by  a  governor,  as  to 
which  see  Articles  55,  56,  page  63. 

II.  The  steam  pipe  contains  sometimes  also  the  cut-off  valve  or 
eayxmsion  valve,  for  cutting  off  the  admission  of  the  steam  to  the 
cylinder  at  any  required  period  of  each  stroke  of  the  piston,  leaving 
the  remainder  of  the  stroke  to  be  performed  by  the  expansion  of 
the  steam  already  admitted. 

IIL  The  cylinder  may  be  single  or  double  acting.  In  a  single 
acting  engine,  the  piston  is  forced  in  one  direction  by  the  pressure 
of  the  steam,  and  made  to  return  in  the  opposite  direction  when 
the  steam  is  discharged  by  the  action  of  a  weight  or  cotmterpoise. 
In  a  double  acting  engine,  the  piston  is  forced  in  either  direction 
by  the  pressure  of  the  steam  which  is  admitted  and  dischai^ged  at 
either  end  of  the  cylinder  alternately. 

rV.  The  admission  and  dischai'ge  of  the  steam  take  place 
through  openings  near  the  ends  of  the  cylinder,  called  ports,  con- 
nected wilii  passages  called  nozzles,  which  are  opened  and  closed  by 
tTiduction  and  eviction  valves.  Sometimes  the  induction  and 
eduction  valves  are  combined  in  one  valve,  called  a  slide  valve. 
The  valves  are  contained  in  the  valve-chesL 

y.  In  nonrcondensing  engines  (conventionally  called  high  pressure 
engines),  the  waste  steam  discharged  from  the  cylinder  escapes  into 
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the  atmosphere  through  the  blast  pipe;  in  locomotive  engines,  as  well 
as  some  others,  the  blast  pipe  is  placed  in  the  centre  of  &ie  chimney, 
80  that  the  successive  blasts  of  steam  discharged  from  it  augment 
the  draught  of  air  through  the  furnace,  and  cause  the  combustion 
of  the  fuel  to  be  more  or  less  rapid,  according  as  the  engine  is  per- 
forming more  or  less  work. 

YL  The  cylinder  cover  has  in  it  a  ^vjffmg-hox  for  the  passage  of 
the  piston  rod;  in  large  engines  there  are  sometimes  more  than  one 
piston  rod  and  stuffing-box,  and  sometimes  a  tubular  piston  rod, 
called  a  trunk.  The  cylinder  cover  is  also  provided  with  a  grease 
cocky  to  supply  the  piston  with  unguent. 

YII.  In  many  large  engines,  there  is  a  spring  safety  valve, 
called  an  escape  valve,  at  each  end  of  the  cylinder;  the  chief  use  of 
which  is  to  discharge  water  which  may  condense  in  the  cylinder,  or 
be  carried  over  in  ^e  liquid  state  from  the  boiler,  by  what  is  called 
priming, 

YIII.  To  prevent  condensation  in  the  cylinder,  it  is  sometimes 
enclosed  in  a  casing,  called  a  jacket^  the  intermediate  space  being 
filled  with  hot  steam  firom  the  boiler,  or  hot  air  from  a  flue  (see 
Article  286> 

IX.  Outade  the  jacket,  to  prevent  loss  of  heat  externally,  there 
is  a  dothing  of  felt  and  wood. 

X.  Double  cylinder  engines  have  two  cylinders;  the  steam  being 
admitted  from  the  boiler  into  the  first  cylinder  and  then  filling  the 
second  hj  expansion  from  the  first 

XL  The  ordinary  condenser  is  a  steam  and  air-tight  vessel  of  any 
convenient  shape,  in  which  the  steam  discharged  from  the  cylinder 
is  liquefied  by  a  constant  shower  of  cold  water  from  the  rose-headed 
injection  valve, 

XII.  In  land  engines  the  injection  water  comes  from  a  tank  called 
the  cold  xodly  surrounding  the  condenser,  and  supplied  by  the  cold 
waler  pwmp;  in  marine  engines,  it  comes  directly  from  the  sea. 

XIIL  In  the  swrfoice  condenser  the  steam  is  liquefied  by  being 
passed  through  tubes  or  other  narrow  passages  surrounded  by  cur- 
rents of  cold  water,  or  cold  air. 

XIY.  The  condenser  is  provided  with  Uow-through  valves,  com- 
municating with  the  cylinder,  usually  shut,  but  capable  of  being 
occasionally  opened,  and  with  a  snifiing  valve  opening  outwards  to 
the  atmosphere ;  through  these  valves  steam  can  be  blown  to  expel 
air  from  the  cylinder  and  condenser  before  the  engine  is  set  to 
work. 

X  Y.  The  condenser  has  also  a  vacuum  ga/wge^  to  show  how  much 
the  pressure  in  it  falls  below  that  of  the  atmosf^ere  (see  Article 
107  A,  pages  110,  111,  112). 

XYL   The  water,  the  small  portion  of  steam  which  remains 
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unoondenaed,  and  the  air  wHich  may  be  mixed  with  it,  are  sticked 
from  the  condenser  by  the  cm  pwrnp,  and  discharged  into  the  hct 
well,  a  tank  from  whidi  the  feed  pump,  mentioned  in  Articles  305 
and  316,  draws  the  supply  of  water  from  the  boiler.  The  surplus 
water  of  the  hot  well  in  land  engines  is  discharged  into  a  pond, 
there  to  cool  and  form  a  stoi'e  of  water  for  the  cold  well;  in  marine 
engines,  it  is  ejected  into  the  sea. 

XYII.  In  all,  except  certain  peculiar  classes  of  engines,  there  is 
a  pa/ralld  motion  for  guiding  the  head  of  the  piston  rod  to  move  in 
a  straight  line,  consisting  either  simply  of  straight  cheeks  or  guides, 
or  of  a  combination  of  levers  and  linkwork,  invented  by  Watt,  and 
more  or  less  modified  by  others. 

XYIII.  The  peculiar  class  of  engines  above  excepted,  are — ^first, 
trwdc  engines  (including  Mr.  Hunt*s  Z  crank  engine),  where  the  stufT- 
ing-box  is  the  guide;  secondly,  oscUlaUng  engines,  in  which  the  head 
of  the  piston  rod  is  directly  connected  with  the  crank,  and  the 
cylinder  oscillates  on  trunnions;  thirdly,  disc  engines,  in  which  the 
functions  of  a  cylinder  are  performed  by  a  vessel  of  the  figure  of  a 
spherical  zone,  and  those  of  a  piston  by  a  disc  having  a  motion  of 
nutation  in  that  zone;  and  fourthly,  rataiory  engines,  in  which  the 
piston  revolves  round  an  axis.  Trunk  engines  and  oscillatory 
engines  are  of  common  occurrence  in  steam-ships.  The  Z  crank 
engine  has  not  been  tried  on  a  large  scale.  Disc  engines  are  said 
to  answer  well,  but  are  of  rare  occurrence.  Botatory  engines  of 
various  kinds  have  been  ofben^tried,  but  seldom  with  good  results. 

XIX.  In  single  acting  engines  for  pumping  water,  the  pump 
rods  are  worked  either  by  direct  connection  with  the  piston  rod,  or 
through  the  intervention  of  a  beam. 

XX.  In  double  acting  engines,  the  power  is  communicated  to  a 
revolving  shaft,  driven  by  means  of  a  cnmk  and  connecting  rod,  with 
or  without  the  intervention  of  a  beoTn,  (In  oscillating  engines  the 
piston  rod  and  connecting  rod  are  one). 

XXI.  In  stationary  engines  the  shaft  carries  s^  fly-wheel,  to  dis- 
tribute and  equalize  irregularities  in  the  action  of  the  power  by  its 
inertia;  this  function  is  performed  in  marine  engines  by  the  inertia 
of  the  paddle-wheels  or  screw,  and,  in  locomotive  engines,  by  the 
inertia  of  the  driving-wheels  and  of  the  engine  itself. 

XXIL  The  feed  pump,  and  other  pumps  which  are  appendages  of 
the  engine,  are  worked  by  the  mechaiiism;  so  also  are  tlie  induction 
and  eduction  valves,  through  what  is  called  the  valine  gea/ring  or 
valve  motion — a  part  of  the  machinery  which  is  under  the  control  of 
the  engineman,  and  so  contrived  as  to  enable  him  to  stop  and 
reverse  the  motion  of  the  engines  at  will,  and  whose  forms  are  very 
various. 

338.  €«aibiMdi  Bagta^v** — ^Most  marine  and  locomotive  engines^ 
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and  many  stAtionary  engines,  have,  in  order  to  equalize  the  action 
of  tlie  power,  a  pair  of  cranks  at  right  angka  to  each  other,  dnven 
by  a  pair  of  pistons  in  a  pair  of  cylinders,  with  then?  appendages ; 
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and  are,  in  fact,  pairs  of  engines.  In  some  cases,  engines  arc  simi- 
larly combined  in  sets  of  ^ree,  driving  three  cranks,  which  make 
equal  angles  with  each  other.  As  tcr  the  effect  of  these  combina- 
tions on  steadiness  of  motion,  see  Article  52,  page  60. 

339.  Parts  •£  mm  BaciHe  iiiaMmtcsd. — Most  of  the  parts  enume- 
rated in  Article  387  are  illustrated  in  fig.  130,  which  represents  a 
longitudinal  section  of  a  rotcUive  dcyuJble-^icting  stationary  condens- 
ing (or  low-pressure)  steamfi  engine.  That  kind  of  engine  is 
selected  because  the  arrangement  of  its  parts  is  well  suited  fSt 
exhibiting  nearly  all  of  them  at  one  view.  Amongst  the  parts 
omitted,  for  want  of  room,  the  chief  are  the  beam  and  the  parallel 
motion,  which  will  be  illustrated  farther  on.  The  main-centre,  or 
axis  of  the  beam,  is  above  the  pillar  D,  and  its  two  ends  are  respec- 
tively above  the  cylinder  A  and  shaft  L. 

A  is  the  cylinder,  with  its  jacket,  but  without  clothing,  which  is 
a  defect  in  the  engine  represented. 

B,  the  piston,  with  three  metallic  packing-rings.  In  the  figure 
the  piston  is  supposed  to  be  moving  downwards,  pressed  by  the 
steam  which  is  entering  above  it. 

C,  the  piston  rod. 

D,  one  of  the  pillars  of  the  frame. 
a,  steam  pipe,  with  throttle  valve. 
6,  valve  chest. 

c,  slide  valve,  of  the  kind  called  a  "D-«?tcfe,"  which  regulates  the 
"  distribution**  of  the  steam — that  is,  its  alternate  admission  and 
discharge  above  and  below  the  piston. 

d,  exhaust-pipe,  leading  into 

E,  the  condenser. 

g^  injection  cock,  admitting  a  shower  of  cold  water  from  the  cold 
well,  or  cold  water  tank,  into  the  condenser. 

H,  air  pump,  the  piston  of  which  in  the  figure  is  supposed  to  be 
descending. 

K,  Hot  well 

G,  connecting  rod,  in  the  act  of  rising. 

L,  shaft;  L  M,  crank;  M,  crank  pin,  in  the  act  of  right-handed 
rotation  (similar  to  that  of  the  hands  of  a  watch). 

N,  feed  pump,  drawing  water  from  the  hot  well  K.  In  the 
engine  represented,  the  supply  pipe  from  the  hot  well  to  the  feed 
pump  traverses  the  cold  well  That  is  a  fault;  for  it  tends  to  heat 
the  condensation  water,  and  cool  the  feed  water. 

P,  feed  pipe  of  the  boiler. 

Q,  cold  water  pump. 

R,  eccentric  rod,  which  receives  a  reciprocating  motion  from  an 
eccentric  wheel  on  the  shaft  L,  and  communicates  that  motion  to 
the  slide  valve  c 
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S,  governor,  being  a  double  revolving  pendulum  of  the  kind  men- 
tioned in  Article  55,  page  63.  It  is  seen  to  act  on  a  small  lever 
whose  axis  turns  in  bearings  fixed  to  the  pillar  D.  The  links  and 
intermediate  levers  by  which  the  motion  of  that  lever  is  communi- 
cated to  the  throttle  valve  are  not  shown,  their  arrangement  being 
a  matter  of  convenience. 

Section  2. — 0/ Steam  PoMogea,  Vcdves,  and  Valve  Oearmg, 


340.  stcaai  P»a— gM. — The  principle  which  ought  to  regulate 
the  size  of  the  steam  pipe,  and  of  all  passages  by  which' the  steam 
is  admiUed  to  the  cylinder,  has  already  been  stated  in  Article  290, 
page  414,  viz.,  that  the  velocity  of  the  steam  should  not  be  greater 
thui  100  feet  per  second,  or  6,000  feet  per  minute,  supposing  its 
density  to  be  the  same  in  the  steam  pipe  and  in  the  cylinder  during 
the  admission. 

To  permit  the  ready  escape  of  the  steam  during  the  back  stroke, 
the  exhaust  pipe  should  be  of  at  least  double  the  area  of  the  steam 
pipe. 

For  the  sake  of  simplicity,  it  is  an  almost  universal  practice  to 
make  the  steam  enter  and  leave  a  given  end  of  the  cylinder  through 
the  same  port.  Mr.  Joule  has  pointed  out  that  this  practice  tends 
to  the  waste  of  heat,  especially  with  high  rates  of  expansion; 
because  the  cool  expanded  steam,  in  escaping,  cools  the  metal  of 
the  port,  which  is  again  heated  at  the  expense  of  the  heat  of  the 
next  cylinderfid  of  hot  steam  that  enters;  and  all  the  heat  so  trans- 
ferred from  the  entering  to  the  escaping  steam  is  wasted.  Mr.  Joide 
therefore  recommends  the  use  of  aepcuraie  admission  amd  eschausi 
ports. 

341.  ThMtUe  Taire. — ^When  the  throttle  valve  is  controlled  by 
a  governor,  it  is  usually  a  disc-and-pivot  valve  (&a  to  which,  see 
Article  119,  page  123,  and  fig.  40,  page  140,  U,  Y);  because  that 
valve  is  easily  moved. 

A  throttle  valve  to  be  controlled  by  hand  may  be  a  disc-and- 
pivot  valve,  or  an  ordinary  slide  valve  moved  by  a  screw  (Article 
120,  page  124),  or  a  rotating  slide  valve  (Article  120,  page  125),  or 
a  conical  valve  moved  by  a  screw  (Article  121,  pages  125,  126). 
The  last  named  form  of  throttle  valve  is  now  much  used  in  locomo- 
tive engines,  and  will  be  illustrated  in  a  subsequent  Article. 

342.  coBicai  BBd  Doable  Beat  Taircs.  —  In  Watt*s  earlier 
engines,  conical  valves  with  vertical  spindles  (Article  112,  page 
118)  were  used  to  regulate  the  distribution  of  the  steam.  Now 
double  heat  valves  (Article  116,  pages  121,  122,  figs.  33,  34)  are 
used  in  all  cases  in  which  the  slide  valve  is  not  employed. 

In  a  single  acting  engine,  there  are  three  isuch  valves,  visL :— 


i86  STEAM  Ain>  OTHSB  HEAT  ENGINES. 

I.  The  steam  valve,  whioh  opens  at  the  beginning  of  the  forward 
stroke  to  admiii  steam  to  drive  the  piston,  and  closes  to  cut  off  the 
steam  at  the  proper  instant. 

II.  The  equilibrium  valve,  which  is  closed  during  the  forward 
stroke,  and  open  during  the  return  stroke,  the  expanded  steam 
being  then  trsLnsferred  through  it  from  the  one  end  of  the  cylinder 
to  the  other. 

III.  The  eduction  valve,  which  is  closed  during  the  return  stroke, 
and  open  during  the  forward  stroke,  to  let  the  steam  in  front  of 
the  piston  escape  to  the  condenser. 

In  a  double  acting  engine,  there  are  four  valves,  one  pair  for 
each  end  of  the  cylinder,  and  each  of  these  pairs  consists  of — 

I.  A  steam  valve,  opening  at  the  beginning  of  each  f(»rwBrd 
stroke,  and  closing  to  cut  off  the  steam  at  the  proper  instant. 

II.  An  eduction  valve,  closed  during  the  forward  stroke,  and 
open  during  the  return  stroke,  to  let  the  steam  escape  to  the  con- 
denser. 

343.  PiB0  JB«4  BBd  TapFcts. — The  motions  of  conical  and  double 
beat  valves,  in  single  acting  engines,  and  in  some  double  acting 
engines  also,  are  produced  by  means  of  a  *^piug  rod,**  which  hangs 
vertically  from  the  beam  of  the  engine,  near  the  cylinder,  and  rises 
and  falls  vertically  along  with  the  piston.  From  its  sides,  suitably 
formed  pins  and  bars  project,  whose  positions  can  be  adjusted  by 
screws;  and  these  projecting  pieces,  stiiking  levers  at  certain 
instants  in  the  course  of  each  stroke,  produce  the  required  motion 
of  the  valvea 

In  single  acting  engines,  the  exhaust  valve  and  the  steam  valve 
are  not  opened  directly  by  the  action  of  the  plug  rod,  but  by  a 
piece  of  mechanism  called  the  "  cataract,**  of  the  nature  of  a  pump 
brake,  already  referred  to  in  Article  50,  page  ^8.  It  consists 
principally  of  a  small  loaded  piston,  moving  in  a  vertical  cylinder 
which  contains  water  or  oil.  At  the  end  of  the  forward  stroke  of 
the  engine,  a  pin  projecting  from  the  plug  rod  lifts  the  cataract 
piston.  That  piston,  on  being  set  free,  descends  with  a  speed  which 
is  determined  by  the  degree  of  opening  of  the  regulating  cock 
through  which  the  liquid  below  it  is  discharged ;  and  towards  the 
end  of  its  descent  it  acts  successively  upon  two  catches  which 
liberate  weights  that  in  their  descent  open  the  exhaust  valve  and 
the  steam  valve.  Thus,  by  varying  the  opening  of  the  regulating 
cock  of  the  cataract,  the  engine  can  be  caused  to  make  more  or 
fewer  strokes  per  minute. 

The  arrangement  of  the  valve  motions  of  single  acting  engines 
may  be  varied  in  its  detail.  One  of  its  forms  will  be  illustrated  in 
a  subsequent  Article. 

344.  Slide  Taire*,  on  account  of  the  simplicity  of  their  action. 
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asd  amoothneas  of  their  motion,  are  almost  uiiiTersaUy  employed 
in  Europe  for  the  distribution  of  the  ate&m  in  double  acting  engines. 

The  »oal  of  a  steam  engine  slide  valve  consiBta  usually  of  a  very 
accurate  plane  surface,  iu  which  are  oblong  openings  or  ports. 
These  exe  at  least  two  in  number ;  one  commmiicating  with  each 
end  of  the  cylinder.  The  seat  of  the  short  slide  valve  has  a  third, 
or  ex/iautt  port,  between  the  first  two,  which  is  the  passage  for  the 
escape  of  the  exhaust  steam.  In  some  special  forms  of  eu^rine 
the  ports  are  more  numerous  stiU. 

The  hng  dide  valve,  or  i>-tlide,  repre8ent«d  by  c  in  fig.  130,  and 
by  figs.  131,  132,  and  133,  might  also  be  classed  as  a  sort  of  hollow 
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or  tubular  piiton  valve;  for  the  back  of  the  valve,  which  is  semi- 
cylindrical,  is  made  to  move  steam-tight  at  its  top  aod  bottom  in 
the  semi-cylindrical  valve  chest,  by  means  of  two  half-rings  of 
metallic  packing. 

Fig.  131  shows  a  vertical  section  of  the  valve,  separate  from  the 
valve  chest  and  cylinder,  e,  e,  are  the  two  portions  of  which  its 
plane  face  consists :  at  its  back  near  the  top  and  bottom  are  seen 
sections  of  the  patting  half-rings.  The  valve  rod  is  shown  pacing 
down  through  the  tubular  interior  of  the  valve,  and  attached  to  a 
cross  bar  at  the  bottom.  This  beir  is  flat  and  thin,  and  placed  with 
its  breadth  vertical,  so  as  to  contract  as  little  as  poseible  the  passage 
through  the  interior  of  the  valve.  Figs.  132  and  133  are  vertii»l 
sections  of  the  cylinder,  valve  chest,  and  valve.  The  steam  is 
admitted  through  the  steam  pipe  and  throttle  valve  to  the  middle 
part  of  the  valve  chest,  which  surrounds  the  tubular  part  of  the 
valve.  The  two  ends  of  the  valve  chest  communicate  with  the 
condenser,  the  lower  end  directly,  and  the  upper  end  through  the 
interior  of  the  tubular  part  of  the  valve. 
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In  fig,  13^  the  valve  is  in  ite  hightit  pomtion :  the  middle  part 
of  the  valve  ohest  commimicates  vith  the  top  of  the  cylindw, 
Bdmitting  eteam  to  drive  the  piston  daufiaeara;  the  bottom  of  the 
eyliuder  commnnicatee  with  the  bottom  <£  the  valve  cheet,  and  so 
with  the  (xindenser. 

In  fig.  1S3,  the  valve  is  in  its  lotoal  position :  the  middle  part  of 
the  vc^e  ehest  commnnieatea  with  the  bottom  of  the  ofiinder, 
admitting  steam  to  drive  the  piston  vpward:  the  top  of  the 
i^linder  commnnicatee  with  the  top  of  the  valve  chest,  and  thenoe 
through  the  tnbular  interiiw  of  the  valve,  with  the  condenser. 

The  Jiort  did«valf»  isrepreeented  in 
figs.  134,  135, 136, 187,  and  138.   Fig. 

134  is  a  longitudinal  section  of  the 
valve  and  its  seat  The  cylinder  is 
rappoaed  to  be  vertical :  d  is  the  slide 
TUve;  a  the  upper  and  c  tiie  lower 
cylinder  port ;  b  the  exhaust  port, 
leading  sideways  to  the  condenser,  of 
to  the  air,  according  as  the  engine  is 
condensing  or  non-condeuaing.     Fig 

135  is  a  front  view  of  the  valve  seat 
and  ports;  fig.  136,  the  face  of  the 
valve.  The  steam  is  admitted  &om 
the  boiler  into  the  valve  chest,  round 
and  behind  the  valve.  In  fig.  134,  the 
valve  is  in  its  middle  position,  and 
both  the  cylinder  ports  are  closed.  In 
fig.  138,  the  valve  is  depressed  so  fiir 
below  its  middle  positioD  as  to  open 
the  upper  port  for  the  admiiision  of 
steam  above  the  piston;  white  at  the 

same  time  the  lower  port  is  connected  throu^  the  interior  of  the 
valve  with  the  exhaust  port,  so  as  to  allow  the  steam  from  below 
the  piston  to  escape  as  the  piston  descends.  In  fig.  137,  the  valve 
is  raised  so  high  above  its  middle  position  aa  to  open  the  lower 
port  for  the  admission  of  steam  below  the  piston ;  while  at  the 
Name  time  the  upper  port  is  connected  throush  the  interior  of  the 
valve  with  the  exhaust  port,  so  as  to  allow  tSo  steam  from  above 
the  piston  to  escape  as  the  piston  rises. 

The  diort  slide  vulve  is  pressed  against  iie  seat,  and  the  joint  between 
it  and  its  seat  iiept  steam-tight,  by  the  excess  of  the  pressure  of  the 
steam  in  the  valve  chest  behind  the  valve,  which  comes  from  the 
boiler,  above  the  pressure  of  the  steam  in  the  interior  of  the  valve, 
which  communicates  wit^  the  condenser  or  with  the  atmosphere,  as 
the  case  may  be. 


Fig.  184, 
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la  large  enginea,  the  amount  of  tiiat  difierence  of  pressure,  over 
the  whole  ana  of  the  face  of  the  valve,  would  be  uuneceaaarUy  great, 


ng.  188.  Fig.  137. 

causing  too  much  work  to  bo  lost  in  overcoming  ftiction.  To 
diminish  ite  amount  is  the  object  of  the  contrivance  called  the 
equilibrium  slide  valve,  in  which  the  interior  of  the  back  of  the 
valve  cheat  is  a  ti-ue  plane,  parallel  t«  that  of  the  valve  seat;  and 
the  back  of  the  valve  is  provided  with  a  flat  brass  packing-ring, 
which  is  pressed  ag^nat  the  back  of  the  valve  cheat  \>j  springs. 
The  amount  of  the  pressure  of  the  valve  against  its  seat  due  to 
the  pressure  of  the  steam  from  behind,  is  the  product  of  the  inten- 
-sitf  of  that  preaaure  into  the  excess  of  the  ares  of  the  &ce  of 
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the  valve  above  the  area  of  the  packing-ring  at  its  back,  and  may 
be  reduced  to  any  required  amount^  how  .small  soever^  by  making 
that  ring  large  enough. 

345.  JBcccttiric*— It  is  obvious  that  to  produce  the  proper  distri- 
bution of  the  steam  by  a  slide  valve,  whether  long  or  short,  the 
valve  must  have  a  reciprocating  motion  of  such  a  nature  a8 
to  bring  it  to  the  ends  of  its  stroke,  being  its  greatest  distances 
from  its  middle  position,  at  periods  intermediate  between  those  at 
which  the  piston  reaches  the  ends  of  its  stroke.  The  eccentric  c 
(fig.  139),  which  is  used  to  give  that  motion,  is  a  circular  disc  car- 
ri^  by  l^e  shaft,  with  whose  axis  the  cenlre  of  the  disc  does  not 


Fig.  189. 


coincide.  It  is  equivalent  to  a  crank  whose  length  is  equal  to  the 
eccentric  radius;  that  is,  the  line  joining  the  centre  of  the  disc  and 
the  axis  of  the  ^aft ;  and  being  encircled  with  a  hoop,  6,  at  one  end  of 
the  eccentric  rod,  a,  it  gives  to  that  rod  a  reciprocating  motion 
whose  length  of  stroke  is  the  double  of  the  eccentric  radius.  The 
eccentric  rod  is  either  directly  jointed  to  the  slide  valve  rod,  or  con- 
nected with  it  by  any  convenient  combination  of  levers  and  link- 
work.  One  such  arrangement  is  shown  in  figa  137  and  138,  of 
Article  394,  where  c  is  the  piston  rod;  I,  the  connecting  rod;  A:,  the 
crank;  m,  the  eccentric;  w,  the  eccentric  rod;  o,  p,  levers;  p  e,  a 
link ;  h,  the  slide  valve  rod. 

The  notch  opposite  the  letter  a,  in  fig.  139,  is  the  gab  of  the 
eccentric  rod,  by  which  it  holds  a  pin  on  the  end  of  the  lever  that 
is  directly  driven  by  it  (as  o,  figs.  137,  138).  By  means  of  a 
handle  on  the  end  of  the  eccentric  rod,  the  gab  and  pin  can  be  dis- 
engaged and  re-engaged,  so  as  to  throw  the  valve  motion  "&iU  of 
gearing**  and  "into  gearing,*  and  thus  make  the  slide  valve  stop  and 
resume  its  motion  when  required 


LOOSE  BCCEMTBia  491 

In  many  engines  a  different  contrivance  is  used,  called  the  ^^link 
mo^on"  to  be  afterwards  described. 

346.  lUTwaiBs  hj  the  Ij«om  Becc«tric«— To  reverse  the  direction 
of  rotation  of  the  shaft  of  a  steam  engine,  the  piston  must  be  made 
to  come  to  rest  and  then  to  move  the  reverse  way,  before  complet- 
ing a  stroke,  and  the  eccentric  must  assiune  that  position  relatively 
to  the  crank  which  is  proper  for  working  the  slide  valve  when  the 
rotation  of  the  shaft  is  reversed.  That  position  (or  the  position  of 
baekwa/rd  gea/r)  is  somewhat  less  than  half  a  circumference  from  the 
position  of /oruMrd  getw,  measured  round  the  shaft  in  the  directum 
o//anoard  rotcUum,  To  bring  the  eccentric,  therefore,  into  back- 
wiurd  gear,  it  is  sufficient  to  cause  it  first  to  stand  still  while  the  shaft 
nearly  finishes  the  first  half-turn  backwards,  and  then  to  accom- 
pany the  shaft  in  its  rotation. 

In  most  stationary  engines,  and  many  marine  engines,  those 
objects  are  effected  by  having  the  eccentric  loose  on  the  shaft,  and 
so  counterpoised,  that  its  centre  of  gravity  shaU  be  in  the  axis  of 
the  shaft;  but  prevented  from  turning  completely  round  by  means 
of  two  shoulders,  one  of  which  holds  it  in  the  position  of  forward 
gear,  and  the  other  in  that  of  backward  gear;  care  being  taken  that 
the  motion  of  the  loose  eccentric  round  the  shaft  shall  be  forwa/rde 
to  go  from  forward  into  backward  gear,  and  hackwa/rds  to  go  from 
backward  into  forward  gear. 

To  reverse  an  engine  with  a  loose  eccentric,  the  gab  is  to  be  dis- 
engaged from  its  pin  and  the  slide  valve  shifted  by  hand  if  neces- 
sary. When  the  shaft  has  made  part  of  a  turn  backwards  the  gab 
is  to  be  re-engaged 

For  example,  in  fig.  137,  the  piston  is  rising,  and  the  shaft 
turning  toward  tbe  right.  To  reverse  that  rotation  the  gab  is  dis- 
engaged, and  the  slide  valve  shifted  into  the  position  shown  in 
fig.  138;  so  that  steam  from  the  boiler  being  admitted  to  press  on 
the  top  of  the  piston,  brings  it  to  rest  before  it  has  completed  its 
up  stroke,  and  then  drives  it  downwards,  so  as  to  make  the  shaft 
rotate  towards  the  left.  During  the  left-handed  rotation  the  eccen- 
tric stands  stiU  until  it  is  in  the  position  of  backward  gear :  then 
the  gab  is  re-engaged  with  its  pin,  the  slide  valve  resumes  its 
motion,  and  the  left-handed  I'otation  goes  on  till  the  engine  is 
stopped,  or  reversed  again  by  the  same  process.- 

According  to  a  mode  of  reversing  by  the  loose  eccentric,  used  by 
Messrs.  Kandolph,  Elder,  k  Co.,  the  eccentric,  instead  of  standing 
still  till  the  engnie  has  turned  back,  is  made  by  a  combination  of 
wheelwork,  to  overtake  or  ovirun  the  shaft  while  the  engine  is 
moving  forward,  until  it  reaches  the  position  of  reverse  gearing ; 
and  the  reversal  of  the  motion  of  the  engine  follows. 

347.    licad  and  Eiop — Kjcpaaalon  by  the  Slide  TalTC.  —  A    slide 
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valve  is  said  to  have  lead,  when  it  has  passed  beyond  the  middle  of 
its  stroke  or  throw  at  the  instant  when  the  piston  arrives  at  either 
end  of  its  stroke.  When  the  slide  valve  is  at  its  middle  posi- 
tion exactly  at  the  instant  of  the  arrival  of  the  piston  at  either  end 
of  its  stroke,  it  is  said  to  have  no  lead. 

The  amount  of  the  lead  may  be  measured  and  expressed  in  three 
ways,  viz : — 

I.  In  absolute  measure,  such  as  inches. 

IL  By  the  proportion  of  the  absolute  lead  to  the  half-throw  of 
the  slide  valve.     This  may  be  called  the  ratio  qflead, 

IIL  By  the  angle  at  which  the  eccentric  radius  stands  in  advance  > 
of  the  position  which  it  would  require  to  have  relatively  to  the 
crank,  in  order  to  make  the  middle  position  of  the  side  valve  occur 
at  the  same  instant  with  the  end  of  the  piston  stroke.     This  may 
be  called  the  071^^0  o/lead. 

When  a  loose  eccentric  has  no  lead,  its  positions  of  forward  and 
backward  gear  are  half  a  circumference  apart  When  it  has  lead, 
the  angle  between  those  positions  is  half  a  circumference  less  twice 
the  angle  of  lead. 

If  the  eccentric  rod  is  so  long  relatively  to  the  eccentric 
radius,  that  the  effect  of  its  varying  obliquities  on  the  positions  of 
the  points  it  connects  may  be  neglected  in  practice,  the  following 
equation  is  sensibly  accurate : — 

Ratio  of  lead  :=z  sine  of  angle  o/lead; (1.) 

and  in  other  cases  the  same  equation  always  gives  at  least  an 
approximation  to  the  truth. 

The  angle  of  lead  may  be  stated  either  in  d^^es,  or  as  a  frac- 
tion of  a  revolution. 

The  lap,  or  cover,  of  a  slide  valve  at  one  of  its  edges  is  the  extent 
to  which  that  edge  overlaps  the  adjoining  edge  of  the  port  which 
it  covers  when  the  slide  valve  is  in  its  middle  position.  In  fig. 
134  of  Article  344,  the  slide  valve  has  a  very  small  and  nearly 

equal  extend  of  lap  at  each  of  its  four  edge& 
Fig.  140  is  a  section  of  the  lower  half  of  a  verti- 
cal slide  valve  and  its  port  having  a  greater  extent 
of  lap  j  W  is  the  lower  port  of  a  cylinder;  X,  the 
lower  half  of  the  slide  valve,  in  its  middle  posi- 
tion; U  is  the  mduction  side,  and  Y  the  edtLO- 
tion  side  of  the  port;  C  is  the  induction  edge,  and 
Fig.  140.  p  the  edtiction  edge  of  the  valve;  U  C  is  the  lap 

on  tJie  induction  side,  and  V  T  the  lap  on  the  eduction  side. 

The  upper  port  and  the  upper  half  of  the  valve  need  not  be 
shown   nor  specially  coilsidered   for  the   present;  being  similar 
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in  figure  to  the  lower  port  and  lower  half  of  the  valve,  but 
inverted 

The  lap,  like  the  lead,  may  be  expressed  in  three  ways,  viz. : — 

I.  In  absolute  measure,  as  inches. 

II.  By  its  proportion  to  the  JuUf-throu}  of  the  slide  valve,  which 
may  be  called  the  ratio  ofla/p. 

III.  £y  the  angle  through  which  the  eccentric  must  turn,  in 
order  to  shift  the  valve  from  its  middle  position  until  the  edge  of 
the  valve  whose  lap  is  considered  touches  the  edge  of  the  port — 
this  may  be  called  ih&  angle  of  lap. 

When  the  obliquity  of  the  eccentric  rod  may  be  n^lected,  we 
have,  sensibly. 


rcUio  qflap  =  sine  of  angle  of  lap. 


(2.) 


The  use  of  the  lead  and  lap  of  the  slide  valve  is  to  admit  the 
steam,  cut  off  the  admission,  and  cut  off  the  exhaust,  at  given 
instants  of  the  stroke  of  the  piston,  and  so  to  produce  expansive 
working  with  a  given  ratio  of  expansion,  and  to  compress  or 
cushion  a  given  proportion  of  the  expanded  steam  at  the  end  of  the 
return  stroke. 

When  the  obliquity  of  the  connecting  rod,  as  well  as  that  of  the 
eccentric  rod,  maj/  he  neglected,  the  following  are  methods  by  which 
the  proper  lead  and  lap  of  the  slide  valve  in  any  case  may  be 
determined : — 

First  Method  : — By  graphic  construction.  About  a  centre  C) 
describe  a  circle  D  E  F  I,  and  draw  two 
diameters  at  right  angles  to  each  other, 
D  F,  EI.  Consider  CT  as  represent- 
ing the  stroke  of  the  piston;  and  Jii  I 
(though  on  a  different  scale),  the  throw 
of  the  slide  valve;  and  let  motion  of  the 
piston  from  D  to  F  be  considered  as  a 
forward  stroke. 

It  is  sometimes  considered  desirable 
to  begin  the  admission  of  steam  a  little 
before  the  end  of  the  return  stroke.  If 
so,  let  Q  represent  the  point  of  the 
return  stix)ke  where  the  admission  is  to  begin.  If  the  admission 
and  the  forward  stroke  are  to  begin  together,  Q  will  coincide 
withD. 

Let  R  be  the  point  of  the  forward  stroke  where  the  steam  is  to  be 
cutoff. 

Let  T  be  the  point  of  the  return  stroke  where  compression  or 
cushioning  is  to  begin,  by  cutting  off  the  exhaust     As  to  the  prin- 
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ciples  which  determine  that  point,  see  Article  291,  Division  TIL, 
page  420.  These  being  the  data,  the  solution  consists  of  two  parts, 
as  follows^ — 

I.  To  find  the  angle  of  lead j  and  the  la/p  on  the  induction  side: — 

Draw  Q  A,  R  G,  perpendicular  to  D  F,  cutting  the  circle  in  A,  G; 

measure  or  bisect  the  arc  A  G;  from  £  lay  off  the  equal  arcs  E  B, 

aixs  .A  G* 
E  H,  each  =  — ^ — '>  join  B  H,  which  will  be  parallel  to  D  F. 

Then 

Theangleoflead  =  .-^AOB  =  ^:^GOH; (3.) 

Lap  on  the  induction  side  _  ^^  ,,^     ^  /4  \ 

half-thiow  OTf 

II.  To  find  the  lap  on  the  eduction  aide  and  the  point  ofrdetue : — 
Draw  T  M  perpendicular  to  D  F,  cutting  the  circle  in  M,  from 
which  W  off  tlie  arc  M  N  =  arc  A  B.  Draw  N  L  parallel  to  D  F, 
cutting  O  I  in  P  j  then 

Lap  on  the  eduction  side _ OP .^^ 

halt-thiow   .  OE 

iiom  L  lay  off  the  arc  L  K  =  arc  A  B,  and  from  K  let  fall  K  8 
perpendicular  to  D  F;  then  will  S  represent  the  poinJt  qfrdease 
during  the  forward  stroke  of  the  piston,  where  the  valve  begins  to 
open  on  the  eduction  side.  As  to  the  effect  of  release,  see  Article 
291,  Division  IV.,  page  421. 

Secoio)  Method: — By  trigonometrical  calculation. 
Data: —  Advance  of  admission    ^^  Q  =.  i . 


Stroke  of  piston         D  F     5' 


} 


ETR     1. 
itatio  of  actual  cut-off  =  -se^  =  P' 

Half-throw  of  slide  valve,  O  £. 

Results: — 

Let  angle  of  lead  =  a; 
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angle  of  lap  on  induction  side,  =  b'; 
angle  of  lap  on  eduction  side,  =6';  then 

a  — 6'  =  oofl-'(l  — ?);  a+6'  =  co8-'(p -1 ); 

a  +  6'  =  cos-'  (l-^)j 


(6.) 


in  computing  which  three  arcs,  it  is  to  be  remembered  that  a  nega- 
tive cosine  corresponds  to  an  obtuse  omgle.  This  being  done,  we 
hav( 


^^(a+h')  +  {a-hXyJa+h^-ia-in.,,^^^^,^_,.f^^^ 


2 

and  also, 


lap  on  induction  side,  O  C  =  O  E  •  sin 6'j )  ,^. 

lap  on  eduction  side,  OPssOE'sinft";  J '' 

Fraction  of  stroke  at  which  release  occurs, 

g|J+0OB(.-6") 

DF  2  ^   ^ 

When  U  is  necessary  to  take  into  accatmt  the  obliqwiy  of  the  con- 
necting rod  cmd  of  the  eccentric  rod,  use  one  or  other  of  the  foregoing 
approximate  methods  to  find  the  angle  of  lead.  Then  make  an 
accurate  skeleton  drawing,  on  a  sufficiently  large  scale,  showing,  in 
the  first  place,  the  crank  in  a  series  of  equidistant  angular  positions. 
The  lead  being  knovm,  will  enable  the  corresponding  positions  of  the 
eccentric  radius  to  be  laid  down.  Draw  the  centre  line  of  the  pis- 
ton rod,  and  that  of  the  slide  valve  rod,  upon  which,  by  means  of 
the  known  lengths  of  the  connecting  rod,  eccentric  rod,  and  other 
intermediate  pieces  of  the  mechanism,  lay  down  the  positions  of  the 
piston,  and  of  the  slide  valve  corresponding  to  the  given  series  of 
positions  of  the  crank  and  eccentria  The  number  of  positions  em- 
ployed is  usually  fix>m  twelve  to  twenty-four,  and  they  are  num- 
bex^  on  the  drawing  in  their  order  of  succession. 

Then  draw  to  the  same  scale  a  diagram  in  the  following  manner  {^. 
142): — Draw  a  pair  of  rectangular  axes  D  F,  E  I,  bisecting  each 

other  in  O.     Make  OD  =  O  F  =  the  half  stroke  of  the  piston,  and 

OT:  =  OT=the  half-throw  of  the  slide  valve.  On  D  F,  which 
represents  the  stroke  of  the  piston,  mark  points  corresponding  to  the 
series  of  successive  positions  of  the  piston  found  by  means  of  the 
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skeleton  drawing ;  and  from  those  points  lay  off  ordinates  parallel 
to  E I^  upwards  or  downwards  as  the  case  may  be  (such  as  A  Q, 


•^T 


Fig.  142. 


T  M,  kc),  representing  the  corresponding  successive  distances  of  the 
slide  valve  from  its  middle  position,  as  shown  by  the  skeleton  draw- 
ing. Through  the  ends  of  these  ordinates  sketch  a  curve  M  A  G  K, 
which  wiU  be  an  oval,  approaching  more  or  less  nearly  to  an  elliptic 
figure,  inscribed  in  the  rectangle  whose  axes  are  D  F,  E  I. 

Then  mark  the  required  points  of  cut-off  "R,  and  commencement 
of  cushioning  T;  draw  the  ordinates  R  G,  T  M,  perpendicular  to 
D  F,  cutting  the  oval  in  G,  M.     Then 


The  required  lap  on  the  induction  side  = 

eduction 


M 
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tion  side  =  R  G : ) 

V-.(10 

ion  side   =  T  M.  j 


) 


Further,  draw  G  A  and  M  K  parallel  to  D  F,  cutting  the  oval  in 
A  and  K,  from  which  points  let  fall  on  D  F  the  perpendiculars 
A  Q,  K  S.  Then  will  Q  be  the  point  of  the  stroke  at  which  the 
admission  begins,  and  S  the  point  of  release. 

Numerous  examples  of  this  process  are  given  in  Mr.  D.  K.  Clark*8 
work  on  Railway  Machinery. 

Sometimes  in  the  vertical  cylinders  of  marine  engines,  the  lap  of 
the  slide  valve  on  the  induction  side  is  made  less  for  the  lower 
than  for  the  upper  port  The  effect  of  this  is  to  cut  off  the  steam 
later,  and  to  have  a  less  ratio  of  expansion,  and  a  greater  mean 
effective  pressure,  during  the  up  stroke  than  during  the  down 
stroke.  The  object  is  to  equalize  the  eneigy  exerted  on  the  crank 
during  the  up  and  down  sti*okes;  and  to  attain  that  object  per* 
fectly,  the  difference  of  the  mean  effective  pressures,  multiplied  by 
the  area  of  the  piston,  should  be  equal  to  twice  the  weight  of  the 
piston,  piston  rod,  and  connecting  rod,  which  weight  assists  the 
down  stroke,  and  opposes  the  up  stroke. 

348.  The  liink  Maa^n,  which  was  first  used  in  the  locomotive 
engines  of  Mr.  Robert  Stephenson,  is  an  arrangement  of  slide  valve 
gear  for  reversing  engines,  and  varying  the  rate  of  expansion  at 
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wilL  Its  general  arrangemeot  is  represented  in  the  sketch,  fig. 
143.  In  subsequent  figures  it  will  be  shown  in  its  place  in  loco- 
motive and  marine  engines. 

F  is  the  foruxxrd  eccentric, 
and  F  the  hackuxird  eccentric, 
being  a  pair  of  eccentrics  Jkoed 
on  the  shafl  in  the  position 
suitable  for  working  the  slide 
valve  during  forward  and  back- 
ward motion  of  the  engine  re- 
spectively. The  angle  between  -gSa,  148. 
the  two  eccentric  radii  is  the 
supplement  of  twice  the  angle  of  lead.  G'  is  the  forward  eccentric 
rod ;  G  the  backward  eccentric  rod.  The  ends  of  those  rods  are 
jointed  to  the  two  ends  of  a  piece  b  h*,  called  the  link,  containing  a 
slot,  in  which  a  stud  or  slider,  on  the  end  of  the  slide  valve  rod  a, 
is  capable  of  shifting  into  different  positions;  e  (/  is  a  rod  by  which 
the  link  hangs.  In  some  cases  the  centre  e  is  fixed,  and  the  valve 
rod  is  jointed,  so  that  the  slider  on  its  end  can  be  moved  to  different 
positions  in  the  link;  and  then  the  figure  of  the  link  is  an  arc  of  a 
circle,  whose  radius  is  the  length  of.  the  shifting  portion  of  the 
valve  rod.  In  other  cases  (of  which  the  figure  is  an  example),  the 
centre  e  is  capable  of  being  shifted,  so  as  to  move  the  link  into 
different  positions  while  the  valve  rod  \a  at  rest  laterally;  and  then 
the  figure  of  the  link  is  an  arc  of  a  circle  whose  radius  is  equal  to  the 
effective  length  of  each  eccentric  rod.  In  Mr.  Allan's  form  of  the 
link  motion,  half  of  the  shifting  is  produced  by  moving  the  link  in 
one  direction,  and  the  other  half  by  moving  the  stud  of  the  valve 
rod  in  the  opposite  direction;  and  in  that  form  the  link  is  straight. 
The  link  motion  is  very  much  varied  in  its  details  by  different 
locomotive  and  marine  engineers. 

In  the  figure,  the  link  hangs  by  the  rod  eg  from  one  arm  of  the 
lever  edn,  balanced  by  a  counterpoise  on  the  opposite  arm.  dcia 
a  transverse  arm,  connected  by  a  rod  of  with  the  reversing  handle 
of  the  engine. 

In  the  figure,  the  motion  of  the  slide  valve  is  produced  by  the 
action  of  the  forward  eccentric  alone,  and  the  engine  is  said  to  be 
in  fuU  forward  gear.  The  steam  is  cut  off  at  a  point  depending 
on  the  lap,  the  lead  of  the  forward  eccentric,  and  a  throw  equal 
to  twice  the  eccentric  radius. 

When  the  link  is  shifted  so  that  the  stud  of  the  valve  rod  is  at 
the  opposite  end  h  of  the  link,  the  motion  of  the  valve  is  produced 
by  the  action  of  the  backward  eccentric  alone,  and  the  engine  is 
said  to  be  in  fuU  ha,ckwa/rd  gear.  The  steam  is  cut  off  at  a  point 
depending  on  the  lap,  lead,  and  throw,  as  before. 

2k 
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For  any  intermediate  relative  position  of  the  link  and  stud,  the 
motion  of  the  slide  valve  is  produced  by  the  joint  action  of  the 
forward  and  backward  eccentrics,  according  to  a  law  which  may  be 
approximately  rtepresented  as  follows  : — at  any  given  instant,  let  1/ 
be  the  velocity  which  the  valve  would  receive  if  in  full  forward 
gearing,  t/'  the  velocity  which  it  would  receive  if  in  full  backward 
gearing;  and  let  velocities  in  contnuy  directions  be  distinguished 
as  positive  and  negative;  also  let  H  be  the  distance  of  the  stud 
from  the  forward  end,  and  V  its  distance  from  the  backward  end 
of  the  link;  then  the  actual  velocity  of  the  valve  at  the  given 
instant  is 

^=     r  +  f    ^^-^ 

To  find  excusUy  the  motions  of  the  slide  valve  produced  by 
different  relative  positions  of  the  link  and  stud,  a  skeleton  drawing 
of  the  mechanism  is  to  be  made  on  a  sufficiently  large  scale,  as  in 
the  process  described  in  the  last  Article.  For  examples  of  this 
])rocess  also,  Mr.  Clark*s  work  on  Railway  Machinery  may  be 
i"eferred  to. 

A  useful  approscimation  to  the  motions  of  the  valve 
when  the  stud  is  in  any  given  position  relatively  to  the 
link,  is  aa  follows : — Let  O  represent  the  centre  of  the 

shaft,  O  F  the  forward  eccentric  radius,  O  B  the  back- 
ward eccentric  radius;  and  let  LO  be  a  straight  line 
parallel  to  F  B.    In  fiill  forward  gearing,  the  haJf-throw 

is  OF,  and  the  amgle  of  lead .^^ir:  L O  F;  and  on  these 

and  the  lap  the  distribution  of  the  steam  dependr. 

Connect  the  points  F  and   B  by  a  circular  arc  of 

,.       F  B  X  lenirth  of  eccentric  rod 
the  radius,  


and 


0071- 


Y\g,  144.  2  X  length  of  link 

vex  or  concave  towards  O,  according  as  the  rods  are 
crossed  or  uncrossed  when  the  two  eccentrics  are  turned  towards 
the  link;  and  make  the  end  S  of  the  virtual  eccentric  radius 
divide  that  arc  in  the  same  ratio  in  which  the  slider  divides 
tbe  link.  Then  the  motion  of  the  slide-valve  will  be  nearly 
that  corresponding  to  an  eccentric  radius  O  S;  that  is,  to  the 
half-travel  O  S  and  angle  of  lead  ^^  L  O  S.  This  construc- 
tion appears  to  have  been  first  published  by  Mr.  M'Farlane 
Gray  in  his  geometry  of  the  slide-valve.  A  nearly  similar  con- 
struction, with  a  parabolic  instead  of  a  circular  arc,  is  demonstrated 
in  Dr.  Zeuner's  "Schiebersteuerungen." 

349.  Kzpanaion  Taire  with  Cam*. — ^A  Separate  expansion  valve 
is  often  used,  especially  in  large  marine  engines,  consisting  of  a 
double-beat  valve  (Article  116,  page  121),  whose  spindle  is  hung 
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from  one  arm  of  a  lever.  Another  arm  of  the  lever  has  a  roller  at 
ite  end,  upon  vhich  a  suitably  shaped  cam,  turning  with  the  engine 
ahaft,  acte  ao  as  to  lift  the  valve  twice  in  each  revolution,  huld  it 
open  during  the  proper  period  for  the  admission  of  the  steam,  and 
then  let  it  dose.  A  series  of  such  cams,  suited  to  produce  different 
rates  of  e^cpanaon,  are  fixed  aide  by  aide  on  the  shaft,  and  the 
lever  arm  which  carries  the  roller  is  so  made  that  it  can  be  shifted 
flidewayB,  and  brought  into  gearing  with  that  cam  which  produces 
the  proper  rate  of  expansion.  In  some  cases  the  rato  of  ezpannion 
is  adjusted  by  a  single  cam,  shifting  endways  along  a  screw-shi^ed 
part  of  the  shaft  under  the  action  of  the  governor. 

350.  Sir<uMtoB  MM*>  Taivc. — A  separate  slide  valve 
is  sometimes  used  to  cut  off  the  steam  at  an  early  period 
of  the  stroke,  worked  by  an  eccentric  teil/untt  lead,  so 
that  this  expansion  slide  valve  is  always  at  its  middle 
position  when  the  piston  is  at  either  end  of  its  stroke,  h 
A  longitudinal  section  of  part  of  such  a  valve  is  shown  , 
in  fig.  14S.  A,  A,  are  oblong  ports  in  the  plate  whidl  j — 
forms  the  valve  seat,  and  which  is  usually  the  back  of  \° 
the  valve  chest  of  the  ordinary  elide  valva  B,  B,  are  |~  ~ 
oblong  ports  of  the  same  size  and  figure  'with  A  A,  in  the 
sUding  plate  which  forms  the  valve.  The  valve  might  pj^  j^j 
be  made  with  only  a  single  opening  B,  corresponding  to 
a  single  port  A;  but  to  give  ample  area  for  the  passage  of  the 
steam,  there  are  usually  several  such  openings  and  ports;  whence 
the  valve  is  called  a  '^gridiron  vuloe."  When  the  valve  is  in  its 
middle  position  (and  the  piston  at  one  end  of  its  stroke),  the 
openings  B  are  exactly  opposite  to  the  ports  A,  which  are  then 
'^fuU  open."  So  soon  as  the  valve  has  moved  in  either  direction  to 
a  distance  from  its  middle  position  eqoal  to  the  breadth  of  one  of 
its- openings,  the  ports  are  all  closed,  and  the  steam  cut  off 

This  valve  is  suited  for  cutting  off  the  steam  at  a  very  early 
period  of  the  stroke  only.  The  point  of  cut-off  being  given,  the 
following  are  the  processes  for  finding  the  recitusito  proportwn  of 
breadth  o/openittgi  to  half-throw. 

FiBST  Method: — By  graphic  construction  (fig. 
146J.  About  a  centre  0,  describe  a  quadrant  of  a 
circle  D  E,  and  draw  a  radius  O  D,  to  represent  the  < 
half  arok»  of  the  piston,  in  which  take  the  point  B 
to  represent  the  point  of  the  stroke  at  which  the 
steam  is  to  be  cut  off.     From  R  draw  R  Q  perpen-     i>    k  ' 

dicular  to  D  O,  catting  the  circle  in  G.     Then  Fig.  lie. 


Breadth  of  openings  _  RG 
Edf-throw  of  valve ""  oil'" 


..(1.) 
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SEOOin)  Method: — By  calculatioii.    Let  ratio  of  actual  cut-off 
^  — -=^:  then 


Breadth 
Half-throw 


l¥^-V  {'-('-')'} w 


A  peculiarity  of  this  valve  is  that  it  rwpena  its  ports  at  a  point  of 
the  piston  stroke  as  far  distant  from  the  end  as  R  is  from  the 
beginning;  therefore  it  cannot  be  used  except  in  combination  with 
a  common  slide  valve,  so  adjusted  as  to  cut  off  the  steam  before 
the  reopening  of  the  ports  of  the  gridiron  expansion  valve.  For 
example,  if  the  expansion  valve  cuts  off  at  0-2  of  the  stroke,  the 
common  slide  valve  must  cut  off  at  or  before  0*8  of  the  stroke. 

The  rate  of  expansion  may  be  varied  by  varying  the  throw  of 
the  expansion  valve.  In  some  engines,  the  seat  of  the  expansion 
slide  valve  is  formed  by  the  back  of  the  ordinary  slide  valve, 
which,  instead  of  admitting  the  steam  past  its  outer  edges,  has 
porta  through  it  like  the  openings  in  a  gridiron  valve,  and  the 
expansion  dide  valve  is  worked  by  an  independent  eccentric,  so  as 
to  close  those  ports  at  the  proper  instants. 

The  '^  gridiron*'  form  is  sometimes  adapted  to  the  ordinary  slide 
valve  in  very  large  engines — ^that  is  to  say,  each  end  of  the  cylinder 
has  two  parallel  ports,  and  the  valve  is  formed  so  as  to  connect  the 
two  ports  belonging  to  one  end  of  the  cylinder  at  the  same  time, 
with  the  valve  chest  and  the  eduction  port  alternately. 

351.  I»Mibl«  Beat  TalT«M  Worked  by  BeccBlrIca — In  the  engines 

of  American  steamers  double  beat  valves  are  extensively  used,  driven 
by  means  of  eccentrics.  There  are  usually  separate  ecceniaics  for 
the  induction  and  eduction  valves.  Each  eccentric,  through  a  rod 
and  lever,  causes  a  rocking  shaft  to  vibrate  to  and  fro;  the  rocking 
shaft  carries  cams,  which,  by  acting  on  bars  and  levers,  lift  and 
lower  the  valves  at  the  proper  times.  Each  cam  is  so  shaped  as  to 
give  a  very  gentle  motion  to  the  valve  when  it  is  nearly  in  contact 
with  its  seat,  and  a  rapid  motion  during  other  parts  of  its  stroke,  so 
that  the  port  is  opened  and  closed  quickly,  and  at  the  same  time 
without  shock. 

Sectigk  3. — OfCylindera  and  Piatona, 

352.  ConiniOB  Cylinden. — Cylinders  are  made  of  the  toughest  Cast 
iron  that  can  be  obtained.  The  thickness  required  for  the  sake  of 
mere  tenacity,  to  resist  the  internal  pressure,  might  be  calculated 
fi'om  the  principles  stated  in  Article  62,  pages  67,  68,  allowing  six 
as  a  factor  of  safety;  but  in  order  that  the  cylinder  may  possess 
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that  stiffiiesB  which  is  necessary  to  enable  it  to  preserve  its  figui'e 
with  great  accuracy,  it  must  be  made  many  times  thicker  tha^  is 
necessary  for  mere  strength.  The  actual  flactors  of  safety  of  the 
cylinders  of  steam  engines,  as  they  occur  in  practice,  range  from  30 
to  40. 

The  bottom  of  a  cylinder  is  sometimes  cast  in  one  piece  with  it, 
sometimes  bolted  on.  The  cylinder  cover  is  bolted  on.  Care  must 
be  taken  that  the  bolts  have  sufficient  strength  to  withstand  the 
pressure.  The  bottoms  and  covers  of  large  cylinders  are  often  made 
of  the  form  of  a  segment  of  a  sphere  of  lu*ge  radius — in  which  case 
the  two  sides  of  the  piston  are  made  of  the  same  figure,  in  order 
that  space  may  not  be  lost  in  clearance. 

The  effect  of  the  jacket  has  already  been  fully  considered.  The 
jacket  ought  to  envelop  not  merely  the  body  of  the  cylinder,  but 
at  least  one  end  also,  and,  if  possible,  both  ends.  Whether  the 
cylinder  is  jacketed  or  not,  it  should  always  be  clothed  (Article  387, 
Division  IX.) 

353.  In  Donbie  Cylinder  Bagiaest  the  attempt  should  be  made  so 
to  proportion  the  cylinders  to  each  other,  that  the  steam  shall  per- 
form half  its  work  in  the  small  cylinder  and  half  in  the  large.  In 
most  actual  engines  two-thirds  of  the  work  are  performed  in  the 
small  cylinder.  The  following  are  some  of  the  arrangements  of 
double  cylinder  engines : — 

I.  The  earliest  arrangement  of  double  cylinders  was  Woolfs,  in 
which  the  smaller  or  high  pressure  cylinder,  and  the  larger  or  low 
pressure  cylinder  stand  side  by  side  under  the  same  end  of  a  beam, 
and  their  pistons  move  in  the  same  direction  at  the  same  time.  In 
this  arrangement  the  steam  passes  from  either  end  of  the  small 
cylinder  to  the  opposite  end  of  the  large  cylinder. 

II.  In  Mr.  M*Naught*B  engine  the  cylinders  are  under  opjx)site 
ends  of  a  beam,  their  pistons  move  opposite  ways,  iEuid  the  steam 
passes  from  either  end  of  the  small  cylinder  to  the  nearest  end  of 
the  large  cylinder. 

IIL  In  Mr.  Elder's  marine  engine  the  large  and  small  cylinders 
lie  side  by  side  in  close  contact,  sloping  at  an-angle  of  45°;  their 
pistons  move  opposite  ways  at  the  same  time,  and  drive  cranks 
which  project  in  opposite  directions  from  the  shaft,  with  a  view  to  the 
reduction  of  the  pressures  on  the  bearings  of  the  shaft,  and  the  con- 
sequent friction,  to  the  smallest  amount  possible  with  two  cylin- 
ders. A  similar  pair  of  cylinders,  sloping  the  opposite  way  at  the 
same  angle,  act  on  the  same  pair  of  cranks. 

IV.  In  Mr,  Craddock's  engine  the  large  and  small  cylinders  are 
side  by  side,  and  their  pistons  move  for  the  greater  part  of  their 
course  in  opposite  directions,  and  drive  a  pair  of  nea/rly  opposite 
ci^anks.     In  order  to  facilitate  the  passing  of  the  dead  points  with 
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only  one  pair  of  cylinders,  the  stroke  of  the  small  cylinder  is  made 
somewhat  in  advance  of  that  of  the  lai*ge  cylinder;  the  effect  of 
which  \a  that  the  steam,  after  having  been  expanded  until  it  fills 
the  small  cylinder,  is  not  immediately  admitted  into  the  lai^ 
cylinder,  but  is  first  re-compressed  to  a  certain  extent  in  the  small 
cylinder,  and  then  admitted  into  the  large  cylinder  to  expand. 
The  ultimate  expansion  is  exactly  the  same  as  if  the  strokes  of  the 
cylinders  were  simultaneous,  and  so  also  is  the  efficiency,  provided  no 
waste  of  heat  by  conduction  takes  place  during  the  temporary  com- 
pression of  the  steam.  Mr.  Craddock  proposes  to  carry  the  advance 
of  the  stroke  of  the  small  piston,  in  some  cases,  as  ^str  as  a  quarter 
of  a  revolution;  but  it  appears  from  experiment  that  a  less  angle  of 
advance,  such  as  one-sixth  or  one-twelfth  of  a  revolution,  is  sufficient 
to  enable  the  dead  points  to  be  easily  passed ;  and  it  is  not  desirable 
to  cany  the  advance  beyond  what  is  necessary  for  that  purpose, 
because  of  the  derangement  which  it  produces  in  the  action  of  the 
steam  when  the  motion  of  the  engine  is  reversed. 

354.  Vhe  €«Bce«tric  •r  Haplez  Cylinder  of  Mr.  David  Rowan, 
consists  of  a  smaller  cylinder,  into  which  the  steam  is  first 
admitted  and  begins  its  expansion,  contained  within  and  concen- 
tric with  a  large  cylinder,  in  which  the  expansion  is  continued, 
and  is  equivalent  to  the  two  cylinders  of  a  double  cylinder  engine. 
The  inner  piston  is  of  the  common  shape ;  the  outer  is  ring-shaped, 
and  has  packing  not  only  on  its  outer  surface,  but  also  on  its  inner 
surface,  which  slides  on  the  outside  of  the  inner  cylinder.  The  one 
piston  rod  of  the  inner  piston,  and  the  two  piston  rods  of  the  outer 
piston  are  fixed  to  one  cross-head,  so  that  the  two  pistons  move 
together,  and  the  steam  has  to  pass  from  either  end  of  the  inner 
cylinder  to  the  opposite  end  of  the  outer  cylinder.  The  steam  is 
superheated  sufficiently  to  prevent  condensation  to  an  injurious 
extent  in  either  cylinder. 

355.  TrcbiA  Cylinder  BnginM  differ  from  double  cylinder  engines 
merely  in  having  a  pair  of  large  cylinders  for  the  continuation  of 
the  expansion,  one  at  each  side  of  the  small  cylinder,  instead  of  one 
large  cylinder. 

In  Mr.  Elder's  treble  cylinder  engine  the  piston  of  the  central 
small  cylinder  drives  one  crank,  and  those  of  the  two  lateral  large 
cylinders  drive  a  pair  of  cranks  pointing  the  opposite  way  to  the 
middle  crank.  K  half  the  work  is  perfoimed  in  the  middle  cylin- 
dcr,  and  the  other  half  divided  equally  between  the  lateral  cylinders, 
there  is  an  exact  balance  of  pressures  on  the  shaft,  and  the  friction 
of  its  bearings  is  simply  that  due  to  the  weight  resting  on  them. 

In  Mr.  J.  M  Ilowan*s  treble  cylinder  engine  the  rods  of  the  small 
middle  piston,  and  of  the  two  large  lateral  pistons,  are  all  attached 
to  one  cross-head,  so  that  the  three  pistons  move  together.     The 
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arrangement  is  compact,  and  convenient  for  oscillating  engines,  to 
which  it  is  applied. 

356.  lEmd  t*  Bad  llMikto  CrUadnr  Bngtae. — ^In  this  engine  (Mr. 
Sim's)  the  steam  b^ns  its  action  in  one  end  of  a  small  cylinder, 
and  completes  it  in  the  opposite  end  of  a  large  cylinder;  the  two 
cylinders  are  placed  end  to  end,  and  their  pistons  are  attached  to 
one  rod.  The  space  between  the  two  pistons  communicates  with 
the  condenser,  and  is  a  partial  vacuum  at  all  time& 

357.  i^Mible  Pistes  EBgiBe. — In  this  engine  (Mr.  Garrett's)  the 
steam  is  first  admitted  to  and  begins  its  expansion  in  one  end  of  a 
cylinder,  and  finishes  its  expansion  in  the  opposite  end.  The 
former  end  has  its  capacity  diminished,  so  as  to  be  equivalent  to  a 
small  cylinder,  by  means  of  a  plunger  of  sufficiently  large  diameter, 
having  one  end  fixed  to  the  piston,  and  passing  through  a  packing- 
ring  in  the  cover.  The  other  end  of  the  same  plunger  acts  as 
plunger  of  the  air  pump. 

358.  An  OMiihuing  Cjilmdmr  iamowated  Oil  ffiuiffe(m8  0Ttrunnion8, 
generally  near  the  middle  of  its  length,  on  which  it  is  capable  of 
swaying  to  and  fro  through  a  small  arc,  so  as  to  enable  the  piston 
rod  to  follow  the  movements  of  the  crank,  to  which  it  is  directly 
attached  without  the  intervention  of  a  connecting  rod.  This  con- 
struction is  very  advantageous  in  point  of  economy  of  space  and 
weight. 

The  trunnions  are  hollow,  and  are  connected  by  steam-tight 
joints,  one  with  a  steam  pipe  leading  from  the  boiler — ^the  other 
with  an  exhaust  pipe  leading  to  the  condenser.  The  valve  chest 
oscillates  with  the  cylinder.  Various  arrangements  are  used  to 
adapt  the  valve  gearing  to  the  oscillating  motion  of  the  cylinder  and 
valve  chest;  one  of  the  simplest  being  to  communicate  motion  from 
the  eccentric  to  a  sliding  rod  on  which  is  a  cross-head  of  the  form 
of  an  arc  of  a  circle  described  about  the  axis  of  the  trunnions  when 
the  valve  is  in  its  middle  position,  and  having  in  it  a  slot  of  the 
same  figure;  in  that  slot  is  a  slider  attached  to  the  end  of  a  lever 
arm  projecting  from  a  rocking  shaft  carried  by  the  cylinder; 
another  arm  projecting  from  that  shaft  moves  the  slide  valve  rod. 

359.  Sector  CTiindera. — ^In  some  American  steamers  the  place  of 
an  ordinary  cylinder  is  supplied  by  a  sector  of  a  cylinder,  in  which 
a  rectangular  piston  oscillates  to  and  fro  like  a  door  on  its  hinge. 
In  the  position  of  the  hinge  is  a  rocking  shaft,  to  which  the  piston 
is  fixed;  and  by  means  of  an  arm  projecting  from  one  of  the  outer 
ends  of  that  shaft  and  a  connecting  rod,  motion  is  communicated  to 
the  crank. 

360.  In  RottttMT  BngiBe*  the  place  of  an  ordinary  cylinder  is 
Rupplied  by  a  vessel  of  the  shape  of  a  cylinder,  a  zone  of  a  sphere,  or 
some  other  solid  of  revolution,  travelled  along  the  direction  of  its 
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axis  by  a  shaft,  which  carries  a  revolving  piston  of  a  suitable  shape. 
A  partitiou  divides  the  space  between  the  piston  and  the  cylinder 
into  two  parts ;  that  partition  ia  ao  constructed  as  not  to  obstmct 
the  motion  of  the  piston ;  in  geneiiJ  the  partition  moves  aside  to 
let  the  piston  pass.  The  steam  is  admitted  into  the  space  behind 
the  piston,  cut  off  periodically  if  required,  and  dischai^^  trom  the 
space  in  front  of  the  piston ;  and  so  the  piston  is  driven  oontinuously 
round.  The  number  of  rotatory  engines  wMch  have  been  patented 
in  Britain  alone  is  certainly  upwards  of  two  hundred,  and  perhaps 
considerably  more ;  but  very  few  have  been  brought  into  pnictic»l 
operation,  and  thoee  to  a  limited  extent  only;  for  their  friction  and 
liability  to  wear  have  been  found  to  be  greater  than  those  of  ordi- 
nary engines,  and  they  have  no  advantage  except  compactness.  The 
most  successful  appear  to  have  been  the  Earl  of  Dundonald's,  and 
Mr.  David  Napier's. 

361.  sihi  BbcIh. — This  engine,  the  invention  of  Mr.  Bishop, 
has  been  used  with  success  by  Messrs.  Kennie  &  Son  to  drive  screw 
propellers.  Fig.  147  is  a  sketch  showing  its  general  nature  only, 
without  any  detiula  The  cylin- 
der is  shown  in  section,  the 
piston  in  elevation.  The  cylin- 
der, or  vessel  which  acts  as  a 
cylinder,  is  bounded  laterally 
— n  by  a  spherical  zone  A  A,  and 

'  '  endwise  by  a  pair  of  cones,  B,B, 

whose  apices  coincide  with  the 
centre  C  of  the  sphere.     The 

fLston  is  a  flat  circular  disc, 
►,  fitting  the  interior  of  the 
""'  ""  spherical  zone  round  its  edge. 

E  B  ia  a  fixed  partition  in  the  cylinder,  shaped  like  a  sector  of  a 
circle;  a  radial  slit  in  the  disc  fite  this  partition.  The  disc  is  fixed 
to  a  ball,  C,  being  the  joint  on  which  it  turns;  and  from  that  ball 
projects  a  rod  F,  perpendicular  to  the  plane  of  the  disc.  This  rod 
acta  in  a  manner  as  a  crank  pin ;  for  its  end  fits  into  a  round  hole 
at  the  end  of  the  crank  G,  which  is  carried  by  the  shaft  H,  whose 
axis  coincides  in  direction  with  the  common  axis  of  the  spherical 
zone  and  of  the  two  cones.  By  the  disc  D,  and  partition  E  E,  the 
cylinder  ia  divided  at  each  instant  into  four  spaces,  two  of  which 
are  enlarging  while  the  other  two  are  contracting,  as  the  crank  G 
revolves;  the  steam  is  admitted  into  the  two  former  spaces,  and 
dischaiged  from  the  two  latter  spaces,  by  ports  near  the  partition 
E  E,  and  c&a  be  cut  off  if  required  by  an  expansion  valve;  thus 
the  disc  is  made  to  take  a  sort  of  motion  of  mUalwn,  and  the  crank 
abaft  ia  driven  round.     The  angle  H  C  F  between  the  shai^  and 
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cnnk  pin  ii  one-bolf  of  the  angle  between  the  sides  of  the  two 
conea  B,  B. 

Let  ^e  angle  H  C  F  =  f.  Let  r  be  the  internal  radlua  of  the 
Hpherical  zone,  r'  that  of  the  ball  0.  Then  the  volume  swept 
through  hy  the  disc  at  each  revolution  is 

63776  (f^-r*)  sin*; (I.) 

being  equal  to  twice  the  capacity  of  the  Tceael  which  acto  as  a 
cylinder,  and  being  also  the  product  of  the  area  of  the  disc, 
3'1416  (r*  — r"'),  and  the  mean  distance  swept  Uirough  by  all  parts 
of  its  surface  in  directions  perpendicular  to  themselvee  during  each 

-  ,.       8    T^-r'*      .    , 
revolution,  -a  ■  -^ ^  ■  am  I. 

The  volume  given  by  the  foTTunla  1  corresponds  to  that  which, 
in  computing  the  power  of  common  double  acting  steam  engines,  is 
found  by  mtutiplying  the  area  of  the  piston  into  twice  the  length 
of  a  single  stroke. 

362.  piuona  BMd  PaekiBs. — Ordinaiy  pistons  agree  pretty  nearly 
as  to  figure  and  proportions,  with  the  description  of  a  piaton  for 
a  water  pressure  engine  already  given  in  Article  137,  page  129; 
but  instead  of  the  hempen  packing,  metalHo  packing  is  universally 
used,  made  of  brass,  or  of  cast  iron.  Fig.  148  represents  one  of 
the  most  complex  arrangements  of  metallic 
packing,  with  the  juuk  ring  (as  it  is  still 
called)  removed.  There  are  two,  or  some- 
times three,  rings  of  packing,  each  con- 
sisting of  an  outer  and  inner  circle  of  arcs 
of  metal,  baitt  together  so  as  to  break 
joint,  and  pressed  outwards  against  the 
interior  of  the  cylinder  by  means  of 
springs.  Much  simpler  arrangements  ore 
<^en  used,  especially  one  in  which  there 
is  only  a  single  packing  ring  divided  at 
one  point,  and  pressing  against  the  sides  ^' 

of  the  cylinder  by  its  own  elasticity,  which,  as  it  is  originally  made 
of  a  radius  a  little  lai^r  than  that  of  the  cylinder,  causes  it  to  tend 
to  expand.  The  gap  at  the  point  of  division  is  sometimes  filled 
by  a  tongue  piece  morticed  into  the  ends  of  the  ring;  sometimes  by 
a  small  wedge-formed  block,  pressed  outwards  by  a  spring  behind 
it.  Mr.  Ramsbottom's  piaton  for  locomotives  has  a  cylindrical 
surface  turned  to  fit  the  interior  of  the  cylinder  loosely;  round 
that  cylindrical  surface  are  three  parallel  rectangular  grooves,  each 
filled  by  a  single  packing  ring  of  square  brass  wire,  measuring 
about  an  eighth  of  an  inch  each  way ;  each  of  ^ese  rings  is  divided 
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at  one  point,  and  presses  ontwards  against  the  cjlioder  bj  its 
elasticity,  like  the  single  packing  ring  beforementioned.  The 
points  of  division  are  placed  at  the  lower  side,  where  the  body  of 
the  piston  touches  the  cylinder.  The  varieties  of  metallic  packing 
are  very  numerous;  but  they  differ  chiefly  in  points  of  detail 

Hemp  is  frequently  used  as  an  elastic  material  behind  metallic 
packing,  to  keep  it  pressed  against  the  cylinder. 

Metfidlic  rings,  or  pieces  of  sheet  brass,  packed  behind  with  hemp, 
are  used  also  for  the  packing  of  stuffing-boxes. 

363.  Pteton  RmI*  mmA  Tninks. — In  most  engines,  each  piston 
has  but  one  rod,  fitted  at  one  end  into  a  conical  socket  in  the 
centre  of  the  piston,  and  fixed  by  means  of  a  gib  and  cotter,  or  a 
screw  and  nut  The  piston  rod  passes  through  a  stuffing-box  in 
the  centre  of  the  cylinder  cover. 

In  some  marine  engines,  two  piston  rods,  and  in  some  four,  are 
attached  to  one  piston,  and  traverse  a  corresponding  number  of 
stuffing-boxes  in  the  cyUnder  cover.  These  arrangements  form 
part  of  peculiar  systems  of  mechanism  for  connecting  the  piston 
with  the  crank. 

A  trunk  is  a  tubular  piston  rod,  used  to  enable  the  connecting 
rod  to  be  jointed  directly  to  the  piston,  or  to  a  very  short  inner 
piston  rod,  so  as  to  save  room  in  marine  engines.  The  width  of 
the  trunk  must  be  sufficient  to  give  room  for  the  lateral  motion  of 
the  connecting  rod. 

As  to  the  strength  of  piston  rods,  see  Article  71,  pages  73,  74. 
In  computing  the  stress  on  a  piston  rod,  the  greatest  pressure  of  the 
steam  must  be  taken  into  account.  The  usual  /actor  of  sa/eti/  is 
about  6  or  7 ;  but  in  some  cases  it  is  as  low  as  5,  and  in  others  as 
high  as  10. 

364.  speed  of  pisteaa. — The  speed  of  the  piston  of  an  engine  is 
usually  expressed  in  feet  per  minvie,  the  whole  motion  being  taken 
into  account  in  double  acting  engines,  but  the  forward  strokes  only 
in  single  acting  engines,  as  has  already  been  explained. 

An  opinion  at  one  time  prevailed,  that  there  was  an  advantage 
in  making  the  real  speed  of  pistona  follow  the  rule  laid  down  in 
Article  336,  page  479,  for  calculating  the  fictitious  speed  assumed 
in  computations  of  nominal  horse-power;  and  although  that  opinion 
has  been  shown  to  be  groundless,  the  ordinary  speeds  of  the  pistons 
of  stationary  engines  and  marine  paddle  engines  do  not  often 
deviate  much  from  those  given  by  that  rule,  and  range  accordingly 
from  about  120  to  300  feet  per  minute.  But  in  marine  screw 
engines,  and  in  locomotive  engines,  speeds  of  piston  are  used  rang- 
ing up  to  900  feet  per  minute  and  more,  with  advantageous  results. 
American  engineers,  by  giving  great  length  to  the  cylinder  and 
crank,  obtain  a  high  speed  of  piston  in  paddle  engines  alsa 
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Inasmuch  as  the  work  performed  by  the  piston  in  an  tinit  of  time 
IS  the  product  of  the  effort  into  the  speed,  it  follows  that  a  high 
speed  of  piston  involves  a  small  stress  upon  the  machineiy,  bearings, 
and  framework,  and  consequently,  a  small  amount  of  friction; 
circumstances  favourable  to  lightness,  and  to  economy  of  cost  and 
of  power. 

The  velocity  of  the  piston  being  proportional  to  the  length  and 
frequency  of  the  strokes  jointly,  there  are  two  means  of  obtaining 
a  high  velocity :  great  length  of  stroke,  and  great  frequency.  Of 
those  two  means^  great  length  of  stroke  is  to  be  preferred,  when 
there  is  no  reason  to  the  contraiy;  because  great  frequency  of 
stroke,  requiring  rapid  reversal  of  the  motion  of  the  piston,  and  the 
other  masses  which  move  along  with  it,  produces  periodical  strains, 
by  reason  of  the  inertia  of  those  masses,  which  to  a  certain  extent 
neutralize  the  benefits  arising  from  the  smallness  of  the  mean  effort 
exerted  through  the  piston  rod. 

The  limit  beyond  wliich  the  velocity  of  the  piston  cannot  with 
advantage  be  increased  is  not  yet  known.  There  must,  however,  be 
some  such  limit,  because  of  the  increase  of  the  resistance  to  the 
motion  of  the  steam  through  passages  with  increased  velocity  of  its 
flow.     (See  Article  290,  pages  413  to  417;  Article  340,  page  485.) 

Section  4. — OfCondensera  and  Pumps. 

365.  Wkii's  c^BdeHMT,  being  that  which  is  most  generally  em- 
ployed, is  a  cast  iron  vessel  of  any  convenient  shape,  and  strong 
enough  to  bear  the  atmospheric  pressure  frx)m  without,  in  which 
the  waste  steam  from  the  cylinder  is  condensed  by  a  shower  of  cold 
water. 

The  capacity  of  the  condenser  in  Watt*s  original  ejigines  was  | 
of  that  of  the  cylinder;  but  according  to  present  practice,  it  ranges 
from  ^  to  },  and  sometimes  even  more. 

The  area  of  the  injection  valve,  by  which  the  condensation  water 
is  introduced  into  the  condenser  from  the  cold  well  in  land  engines, 
and  fi*om  the  sea  in  marine  engines,  is  commonly  fixed  by  one  or 
other  of  the  two  following  rules : — 

iV  square  inch  per  cubic  foot  of  water  evaporated  by  the  boiler  per 
hour,  or 

irT7  of  the  area  of  the  piston. 

In  Chapter  III.,  Section  5,  of  this  Part,  formule  have  been  given 
for  computing  the  net  quantity  of  injection  water  required  to  con- 
dense iSie  steam  in  engines  of  various  kinds,  for  each  cubic  foot 
swept  through  by  the  piston.  The  velocity  with  which  the  injection 
water  flows  towards  the  condenser  at  the  contracted  vein  is  about 
44  feet  per  second.     Taking  0*62  as  the  co-efficient  of  contraction, 
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the  velocity  of  flow  reduced  to  the  area  of  the  orifice  itself  is  found 
to  be  27  feet  per  second,  or  1,620  feet  per  minute,  nearly.  To  find, 
therefore,  the  proportion  of  the  injection  orifice  to  the  area  of 
piston,  necessary  in  order  to  supply  the  net  quantity  of  injection 
water,  we  have  the  following  formula : — 

net  area  of  orifice  .      .  r-  •  ^-  x  u-   x*    * 

i.  -.--: =s  net  volume  of  miection  water  per  cubic  foot 

area  of  piston  **  ^ 

swept  through  by  piston  x  velocity  of  piston  in  feet  per 

minute-^  1620; (1.) 

but  it  appears  from  ordinary  practice,  that  to  provide  for  oontin- 
gences,  the  injection  valve  must  be  made  capable  of  introducing, 
when  required,  about  dovhU  the  net  quantity  of  injection  water 
found  by  calculation ;  hence  810  is  to  he  taken  aa  the  divisor  in  the 
above  formiUa  instead  of  1,620.  This  gives  results  nearly  agreeing 
with  those  of  the  practical  rules  first  cited. 

In  marine  engines,  there  is  sometimes  an  injection  valve  leading 
from  the  ship's  bilge  into  the  condenser,  which  is  opened  only  when 
the  leakage  of  water  into  the  ship  threatens  to  become  too  great 
for  the  ordinary  bilge  pump&  On  such  occasions,  the  ordmary 
injection  valve  is  dosed. 

366.  The  Cold  Wmtw  Paniih  by  which  in  low  pressure  land 
engines  the  cold  well  is  supplied  with  water,  must  be  made  of  capa- 
city sufficient  to  supply  double  the  computed  net  injection  water. 

367.  The  Air  Panp  (Article  337,  Division  XYL,  page  481),  when 
single  acting,  is  usually  of  a  capacity  from  ome-fifih  to  one-sixth  o^ 
that  of  the  cylinder;  when  the  air  pump  is  double  acting,  it  may  of 
course  be  made  one-half  smaller.  The  valves  through  which  it 
draws  the  water,  steam,  and  air  from  the  condenser,  are  caMed/oot 
valves;  those  through  which  it  discharges  those  fluids  into  the  hot 
loell,  ddivery  valves.  A  single  acting  air  pump  has  bitcket  valves 
opening  upwards  in  its  piston.  Flap  valves,  and  other  clacks  of 
various  forms,  are  used  as  air  pump  valves.  As  to  the  circular 
Indian  rubber  flap  valves,  now  very  generally  employed,  see  Article 
118,  page  123.  The  ratio  of  the  area  of  the  valve  passages  to  that 
of  the  air  pump  piston  ranges  in  different  engines  from  ^  to  equality, 
being  made  greater  as  the  speed  of  that  piston  is  greater,  so  that 
the  velocity  of  fluids  pumped  may  not  in  any  case  exceed  about  10 
or  12  feet  per  second. 

The  surplus  water  fix)m  the  hot  well,  over  and  above  that  which 
is  drawn  away  by  the  feed  pumps  (Article  316,  page  164),  is  dis- 
charged by  marine  engines  into  the  sea;  and  by  land  engines,  if 
there  is  sufficient  ground  available,  into  a  shallow  pond,  to  be  cooled 
and  used  again  as  condensation  water. 
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368.  Sarflice  c^adeaacn  possess  the  advantages  of  preserving  the 
purity  of  the  water,  by  returning  to  the  boiler  the  same  water  over 
and  over  again,  without  the  admixture  of  condensation  water  from 
without  (see  Article  321,  page  468),  and  of  saving  the  power  which 
is  expended  in  pumping  the  condensation  water  out  of  the  conmion 
condenser.  Surface  condensation  appears  to  have  been  employed 
at  axi  early  period  by  Watt,  but  afterwards  abandoned  by  him  for 
condensation  by  injection,  on  account  of  practical  difficulties. 
Various  surface  condensers  have  since  been  tried  at  different  times 
with  more  or  less  succesa  Those  of  Mr.  Samuel  Hall  were  fitted 
up  in  several  steamers. 

A  surface  condenser  oonsiBts  generally  of  a  great  number  of  ver- 
tical tubes,  about  ^  inch  in  diameter,  united  at  their  upper  and 
lower  ends  by  means  of  a  pair  of  flat  disc-shaped  vessels,  or  of  two 
sets  of  radiatmg  tubes,  or  in  some  other  convenient  manner.  This 
set  of  tubes  is  enclosed  in  a  casing,  through  which  a  sufficient  quan- 
tity of  cold  water  is  driven.  The  steam  being  led  by  the  exhaust 
pipe  to  the  upper  end  of  the  set  of  tubes  is  condensed  as  it  descends 
through  them,  and  arrives  in  the  state  of  liquid  water  at  the  lower 
end  of  the  apparatus,  whence  it  is  pumped  away  to  feed  the  boiler. 

Where  condensation  water  is  scarce  or  impure,  it  may  be  de- 
sirable to  condense  the  steam  by  the  contact  of  cold  air  with  the 
outside  of  the  tubes.  To  overcome  the  ebief  difficulty  of  this  pro- 
cess, which  consists  in  producing  a  sufficiently  rapid  circulation  of 
air  over  the  tubes,  Mr.  Craddock  makes  the  whole  apparatus  of 
tubes  rotate  rapidly  about  a  vertical  axis. 

Some  results  of  experiment  as  to  the  efficiency  of  cooling  suiiiace 
in  condensing  steam  have  already  been  given  in  Article  222,  page 
266.  The  greatest  of  those  results  (that  recently  obtained  by  Mr. 
Joule)  was  the  effect  of  casing  each  condensing  tube  in  an  outer 
tube,  and  driving  a  current  of  cold  water  through  the  annular  space 
between  the  inner  and  outer  tubes  in  a  direction  contraiy  to  that 
of  the  motion  of  the  condensing  steam.  To  these  data  may  be 
added  the  result  of  some  recent  experiments  on  a  marine  engine,  in 
which  the  rate  of  surface  condensation  in  half-inch  brass  tubes 
surrounded  by  water,  estimated  theoretically  from  the  indicator 
diagrams,  was  between  3  and  4  lbs.  per  square  foot  of  surface;  the 
"vacuum"  in  the  condenser  being  13  lbs.  on  the  square  inch,  and 
the  absolute  pressure,  therefore,  of  uncondensed  steam  and  air  about 
1  '7  lb.  on  the  square  incL 

In  a  marine  engine  with  a  surface  condenser,  the  loss  of  water  by 
leakage,  by  blowing  off  at  the  safety  valve,  <fec.,  is  supplied  by  means 
of  water  distilled  by  suitable  apparatus. 
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Sbction  5.^0/ Connteting  Mec/umUTo. 
369.  Btmm  BiiKliMa  mmd  nireM  AMtas  EbbIm» — Sy  ootuteeUng 
medtaniam  is  meant  the  aeries  of  pieces  through  which  motion  ia 
communicated  from  the  piston  rod  to  the  piece,  whether  a  rotating 
ahatl  or  a  reciprocating  rod,  hj  which  the  useful  work  ia  performed. 
With  respect  to  connecting  meobaniam,  steam  engines  ma;  be 
divided  into  two  great  classes : — 

I.  Beam  Engines,  in  which  the  piston  rod  is  connected  by  means 
of  a  link,  with  one  end  of  a  beam  or  law  osciUating  about  a  centre ; 
the  other  end  of  the 
beam  being  connected 
by  a  link  or  connect- 
ing rod  with  the  pump 
rod  or  with  the  crank, 
according  as  the  engine 
is  non-rotative  or  rota- 
tive. The  engine  used 
as  an  illnstratioti  in  Ar- 
ticle 389,  fig.  130,  ia  a 
betun  engine  of  the  ordi- 
nat7  kind;  but  as  the 
beam  is  there  omitted, 
fig.  149  is  added  to  show 
the  general  arrungement 


Fig.  H«. 


of  mechanism  in  such  an  engine. 

II.  Direct  acting  engines,  in  which  the  pump  rod  or  the  crank, 
as  the  case  may  be,  is  connected  with  the  piston  rod,  either  directly 
or  by  means  of  a  connecting  rod  only.  The  engine  used  as  an 
illuBtration  in  Article  344,  fig.  137,  is  direct  acting. 

370.  F«cc«a  Acu^  •■  BsBBi  mmt  CrHiMcr. — In  a  beam  engine 
the  velocities  of  ^le  two  ends  of  the  beam  at  any  given  instant  ar«> 
to  each  other  directly  as  the  lengths  of  the  two  arms  of  the  beam ; 
the  alternate  polla  and  thmata  exerted  on  the  two  enda  of  the  beam 
\fy  the  piaton  rod  and  connecting  rod,  being  inversely  as  the  veloci- 
ties of  their  points  of  application,  are  to  each  other  inversely  as  the 
lentftha  of  the  arms  of  the  beam. 

The  bearings  of  the  "main  centre,"  or  gudgeons  of  the  beam, 
have  to  sustain,  when  the  engine  ia  at  rest,  the  wtight  of  the  beam 
and  the  parte  which  hang  from  it :  when  the  beam  is  in  motion,  the 
Bum  of  the  forces  exerted  by  the  piaton  rod  and  connecting  rod  in 
added  to  that  weight  dnting  the  down  stroke  of  the  piaton,  and  sub- 
tracted from  it  during  the  up  stroke. 

The  cylinder  is  pressed  alternately  downwards  and  upwards  with 
a  force  equal  and  oposite  to  the  effort  of  the  steam  on  the  piston ; 
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and  tbe  strength  of  the  fastenings  of  the  cylinder  to  the  framework 
must  be  regrulated  aooordingly. 

371.  Kfl«rc  •■  Ciwik  Pi»— Flywheel. — The  whole  force  exerted 
hj  the  connecting  rod  on  the  crank  pin  may  be  resolved  into  two 
rectangular  components,  as  in  Article  23,  page  31 — a  latercd  force 
acting  (Uong  the  crank  towards  or  from  its  axis  of  rotation,  produc- 
ing merely  pressure  on  the  bearings  of  the  shaft,  and  an  effort,  acting 
perpendicular  to  the  crank,  in  the  direction  of  motion  of  the  crank 
pin,  by  means  of  which  effort  the  resistance  of  the  machineiy  driven 
is  overcome  and  work  peiformed. 

To  find  the  ratio  which  that  effort  bears  to  the  effort  exerted  by 
the  steam  on  the  piston,  in  any  given  position  of  the  mechanism,  it 
is  sufficient  to  know  the  ratio  of  the  velocity  of  the  crank  pin  to 
that  of  the  piston ;  for  the  efforts  are  inversely/  as  t/ie  velocities. 

The  foUowing  are  the  methods  by  which  that '' velocity  ratio"  is 
found  at  any  instant : — 

Case  I.  In  a  beam  engine  (fig.  150),  let  C^  be  the  axis  of  mo- 
tion of  the  beam;  Cj  that  of  the  crank  shaft;  T^  T^  the  connecting 
rod,  To  being  the  centre  of  the  crank  pin.  At  a  given  instant,  let 
v^  be  the  velocity  of  T^,  which  can  be  deduced  frt>m  that  of  the  pis- 
ton, as  in  Article  370 ;  Vj  that  of  Tj. 

To  find  the  ratio  of  those  velocities,  produce  C^  Tj,  Cg  Tg,  till 
they  intersect  in  K ;  K  is  the  *^  instantaneous  axis"  of  the  connect- 
ing rod,  and  the  velocity  ratio  in  question  is 


v^iv^:  iKTj-.KTj. 


.(1.) 


Should  K  be  inconveniently  far  off,  draw  any  triangle  with  its  sides 
respectively  parallel  to  C^  Tp  C^  T^  and  Tj  Tg;  the  ratio  of  the  two 


y^ 


Fig.  150. 


Fig.  151. 


sides  first  mentioned  will  be  the  velocity  ratio  required.     For  ex- 
ample, draw  Cg  A  parallel  to  Cj  Tp  cutting  T^  Tg  in  A;  then 


r^  :  Vg  : :  Cg  A  :  Cg  Tg. 


,(2.) 
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Case  II.,  in  a  direct  acting  engine  (fig.  151.)    Let  C2  be  the  axis 

of  the  crank  shaft,  and  T^  R  the  piston  rod;  C^  Tg  the  crank;  and 

Tj  Tj  the  connecting  rod.  Draw  Tj  K  perpendicular  to  T,  R,  inter- 
secting C2  T2  produced  in  K ;  K  is  the  **  instantaneous  axis"  of  the 
connecting  xm;  and  the  rest  of  the  solution  is  the  same  as  in  Case 
L,  the  formulsB  1,  2,  giving  the  ratio  of  the  velocity  of  the  piston  to 
that  of  the  crank  pin,  which  is  also  the  ratio  of  the  effort  on  the 
crank  pin  to  the  effort  on  the  piston;  that  is  to  say — 

Oj  T2  :  C2  A  : :  effort  of  steam  on  piston  r  effort  of  connecting 

rod  oncrank  pin (3.) 

It  is  by  this  process  that  data  are  obtained  for  determining  the 
periodical  excess  and  deficimcy  ofen^gy  exerted  on  the  crank  shaft, 
by  the  methods  already  explained  in  Article  62,  pages  59,  60,  61, 
and  thence,  by  the  methods  explained  in  Article  53,  pages  61,  62, 
the  required  moment  of  inertia  of  a  fly-wheel  which  shall  prevent 
the  fluctuations  of  speed  caused  by  that  alternate  excess  and  defi- 
ciency from  going  beyond  given  limits. 

Marine  and  locomotive  engines  require  no  fly-wheels;  for  in  the 
former  the  inertia  of  the  propeller,  whether  paddle  or  screw,  and  in 
the  latter  that  of  the  entire  engine,  suffice  to  prevent  excessive  fluc- 
tuations of  speed 

372.  Haul  Poiats. — At  two  instants  in  each  revolution,  the 
direction  of  the  crank  coincides  with  the  line  of  connection  (or 
straight  line  joining  the  centres  of  the  joints  of  the  connecting  rod). 
The  ];)ositions  of  the  crank  pin  at  those  instants  are  called  dead 
points,  and  they  correspond  to  the  ends  of  the  stix>ke  of  the  piston, 
when  its  velocity  vanishes,  and  so  also  does  the  effort  on  the  crank 
pin.  It  is  to  diminish  the  irregular  action  caused  by  the  existence 
of  these  dead  points,  and  especially  to  facilitate  the  starting  of 
engines  when  the  crank  happens  to  rest  at  one  of  them,  that 
engines  are  combined  by  pairs  or  threes,  as  described  in  Articles 
338  and  353,  with  the  effect  in  diminishing  the  periodical  excess 
and  deficiency  of  energy  stated  in  Article  52,  page  60. 

373.  OaidM  fmr  the  Pisi«s  Bod  are  very  accurately  straight 
surfaces,  plane  or  cylindrical,  but  best  plane,  on  which  a  block  fixed 
to  the  head  of  the  piston  rod  slides,  and  which  resist  the  tendency 
of  the  link,  or  of  the  connecting  rod,  when  in  an  oblique  position^ 
to  make  the  motion  of  the  piston  rod  deviate  from  a  straight  lina 
The  accuracy  with  which  smooth  plane  surfaces  can  now  be  made 
has  caused  guides  to  be  more  generally  used  than  they  were  for- 
merly. 

374.  Parallel  ihoiIobs  are  jointed  combinations  of  linkwork, 
designed  to  guide  the  motion  of  the  piston  rod  either  exactly  or 
approximately  in  a  straight  line,  in  order  to  avoid  the  fiiiction 
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Fig.  152. 


▼hicli  attends  the  use  of  straight  guides.  The  first  paraUel  motion 
IB  well  known  to  have  been  an  invention  of  Watt  Four  kinds  of 
parallel  motion  will  now  be  described : — 

I.  An  Kxaci  Pamiiei  iii«Uo»,  believed  to  have  been  first  proposed 
by  Mr.  Scott  Russell,  is  represented  in  fig.  152.  The  same  parts 
of  the  mechanism  are  marked  with  the  ^ 
same  letters,  and  different  successive  '^pv;^  j;v-^ 
positions  are  indicated  by  numerals  ' 
affixed.  The  lever  CT  turns  about 
the  fixed  centre  C,  and  carries,  jointed  qvc( 
to  its  other  end,  the  bar  or  link  P  T  Q, 
in  which  PT  =  TQ  =  CT.  The  point 
Q  is  jointed  to  a  slider  which  slides  in 
guides  along  the  straight  line  C  Q ;  and 
the  point  P  moves  in  the  straight  line 
P^  C  P3,  J-  C  Q.  A  pair  of  the  combinations  here  shown  are  used, 
one  at  each  side  of  the  cylinder;  and  the  pair  of  bars  P  Q  are 
jointed  at  their  extremities  P  to  l^e  head  of  the  piston  rod. 

II.  An  Approziamte  Pamiiei  motion,  somewhat  resembling  the 
preceding,  is  obtained  by  guiding  the  link  P  Q  entirely  by  means  of 
oscillating  le- 
vers, instead  of 
by  a  lever  and 
a  slide.  To 
find  the  length 
and  the  posi- 
tion of  the  axis 
of  one  of  those 
levers,  cj,  select 
any  convenient 
point,  tf  in  the 
link  P  Q,  and 
lay  down  on  a 
d»wingtheex- 
treme  and  mid- 
dle    positions, 

^i>  ^2'  ^8)  ^^  that 
point,  corre- 
sponding to  the 
extreme  and 
middle      posi-  Fig.  168. 

tions  of  the  link  P  Q.  The  centre  c  of  a  circle  traversing  those 
three  points  will  be  the  required  axis  of  the  lever,  and  c  t  will  be 
its  length ;  and  if  the  link  P  Q  is  guided  by  two  such  levers,  the 
extreme  and  middle  positions  of  P  will  be  in  one  straight  line, 
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and  the  other  positions  of  that  point  very  nearly  in  one  straight 
line. 

III.   Watt*«  Approximate  Pamllel  IHotloa. — In  fig.  153,  CT,  ct^ 

are  a  pair  of  levers,  connected  by  a  link  T  t,  and  oscillating  about 
the  axes  C,  c,  between  the  positions  marked  1  and  3.  The  middle 
positions  of  the  levers,  C  Tg,  c  t^y  are  parallel  to  each  other.  It  is 
required  to  find  a  point  P  in  the  link  T  t,  such,  that  its  middle 
position  Pj)  and  its  extreme  positions  P^,  P3,  shall  be  in  the  same 
straight  line  perpendicular  to  0  Tg,  c  t^y  and  so  to  place  the  axes  C,  c, 
on  the  lines  C  T,,  c  t^,  that  the  path  of  P,  between  the  positions 
Pj,  Pg,  P3,  shall  be  as  near  ajs  possible  to  a  straight  line. 

The  axes  C,  c,  are  to  be  so  placed,  that  the  middle  M  of  the  versed 
sine  y  Tg,  and  the  middle  m  of  the  vei*8ed  sine  v  t^  of  the  respective 

arcs  whose  equal  chords  Tj  T3  =  ^  ^3  represent  the  stroke,  shall, 
each  be  in  the  line  of  stroke  M  m. 

The  position  of  the  point  P  on  the  Unk  is  found  by  the  following 
proportional  equation : — 


T  <  :  P  T  :  P  ^  : :  C  M  +  c  w  :  c  w:  C  M (1.) 

The  positions  of  the  point  P  in  the  link,  intermediate  between  its 
middlb  and  extreme  positions,  are  near  enough  to  a  sti-aiglit  line 
for  practical  purposes.     When  there  are  given,  the  axes  C,  c,  the 

line  of  stroke  P^  Pg  P3,  the  length  of  stroke  P^  P3  =  S,  and  the 

perpendicular  distance  M  m  between  the  middle  positions  of  the 
two  levers,  the  following  equations  serve  to  compute  the  lengths 
of  the  levers  and  link : — 

S2        —       S2 


Versed  sines,  T  V  =  -p~^;  tv  =  - ; 

8  C  M  8cm 


TV    _      _         tv 


(2.) 


Levers,  CT  =  CM  +  — o-;  ct=zcm+-2  I 

Link,  T-l  =  V  (  W  +  ^-^J^'}- 

IV.  Wan*«  Parallel  ivioiioa  iflodiflrd  by  having  the  guided  point 
P  in  the  prolongation  of  the  link  T  t  beyond  its  connected  points, 
instead  of  between  those  points,  is  represented  by  Hg,  154.  In  this 
case,  the  centres  of  the  two  levers  ai'e  at  the  same  side  of  the  link, 
instead  of  at  opposite  sides,  the  shorter  lever  being  the  farther  from 
the  guided  point  P;  and  the  equations  1  and  2  are  modified  as 
follows : — 

Segments  of  the  link — 


T«:PT:Pt::CM-cm:cm:CM (3.) 


PARALLEL  MOTIONS. 
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Versed  sines, 


tv== 


S«        -        S« 


8CM 


8cm 


Levers,  01  =  031+-^-;  ct=:cm'b-~      \  (4.) 

Link,  f7=y^{:AI^3  +  (^^-^TY)>| 

This  parallel  motion  is  used  in  some  marine  engines,  in  a  position 
inverted  with  respect  to  that  in  the  figure,  P  being  the  upper,  and 
t  the  lower  end  of  the  link 


Fig.  165. 

When  Watt's  parallel  motion  (III.) 
IS  applied  to  steam  engines  with  beams, 
it  is  more  usual  to  guide  the  air  pump 
rod  than  the  piston  rod  directly  by 
means  of  the  point  P.  The  head  of 
the  piston  ix)d  is  guided  by  being  con- 
nected with  that  point  by  means  of  a 
]}aralleloffram  of  bars,  shown  in  fig. 
155.  c  is  the  axis  of  motion  of  the 
beam  of  the  entrine,  ct  A  one  arm  of 
that  beam,  C  T  a  lever  called  the 
radius  bar  or  bridle  rod,  Tt  &  link 
called  the  back  link.  C  T,  c  <,  and  T  t, 
form  the  combination  already  described 
(III.),  and  shown  in  fig.  153;  and  the  point  P,  found  as  already 
shown,  is  guided  in  a  vertical  line,  almost  exactly  straight.     The 

total  length  of  the  beam  arm,  c  A,  is  fixed  by  the  proportion 


Fig.  154. 


Vt'.TtwQt-.QA'y 


.(6.) 


that  is,  <  A  is  very  nearly  a  third  proportional  to  C  T  and  c  t.    Draw 
A  B  II  T  ^  and  c  P  B  intersecting  it;  then  from  the  proportion  6  it 

follows  that  A  B  s=  T  <•     A  B  is  the  main  liiik :  B,  the  head  of  the 
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pigtoD  rod.   BT  =  and  {|  t  A  is  the  paralld  ior,  bf  which  the  main 
and  back  linke  are  connected.    P  moves  aensibly  ia  a  straight  line ; 

-z=  =  -^  is  a  conatant  ratio:  therefore  B  moves  sensiblj  in  a 

rtnigbt  line  parallel  to  that  in  which  P  moveH. 

A  paraUdogram  analogous  to  A  B  T 1  may  also  be  combined  with 
the  patallel  motion  IT. 


375.  Bide  lierer  Enziaf*  ate  a  variety  of  beam  engines  much 
used  in  paddle  steamers.     Figs.  156  and  157  represent  the  general 


BIDK  LEVEB  ENOIHES. 


arraDgenent  of  &  pair  of  Buch  ODgines,  driving  &  pcur  of  cranks  at 
right  angles  to  each  other:  fig.  Id6  being  a  aide  view  of  the  port 


IWeeJuIIf 


Pig.  IBT. 

engine,  and  fig.  157  a  Tiew  of  the  cylinder  ends  of  both  enginec. 
Each  engine  has  a  pair  of  eide  levers  or  beams  Iielow  the  level  of  the 
shaft  and  of  the  cylinder  cover;  they  are  fixed  on  the  opposite  ends 
of  one  rocking  shaft,  which  is  the  main  centre.  The  piston  rod 
carries  a  cross-/iead,  like  that  of  the  letter  T,  from  the  ends  of 
which  hang  a  pair  of  side  rod*,  connecting  it  with  the  ends  of  the 
pair  of  side  levers.  The  opposite  ends  of  the  Ride  levers  are  con- 
nected with  a  eroM'tail,  which,  being  fixed  on  the  lower  end  of  the 
connecting  rod,  gives  it  the  shape  of  the  inverted  letter  j,.  In  fig. 
156,  «  is  the  cylinder,  b  one  of  the  side  levers,  e  the  sole  plate  with 
vertical  flanges,  which  carries  the  engines  and  their  frame ;  d  the 
air  pump  rod  with  its  cross-head  and  side  roda,  e  the  crank,  A  A  a 
paddle  wheel,/&n  eccentric  with  its  coimterpoisa 
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376.   ' 


■  !■  DIrMI  AcUbk  HarlBC  EHglBsa  ar 

that  they  would  require  a  separate  treatise  for  theii-  deKription. 
The  objects  aimed  at  in  them  are,  ia  paddle  Ht«ainei«,  length  of 
Btroke,  notwithstondlDg  limited  headroom;  and  in  screw  Bteamers, 
compactness  and  convenience,  especially  in  ships  of  war,  where  the 
whole  engine  has  to  be  placed  below  the  water  line.    Scone  of  them 


have  been  anfficiently  described  un- 
der the  head  of  cylinders.  Articles 
S-W,  3j4,  355,  358.     Fig.  158  is  a 
cross-section,  and  fiff.    159  a   side 
view,  of  a  i>air  of  oscillating  engines, 
Bucli   as  have   been  mentioned  in 
Article    358.      The   air    pump  is 
worked  by  a  crank  in  the  middle  of 
the  iihaft.    Figs.  160  aiid  1(51  repre- 
sent a  pnir  of  "  steeple  engines,"  in 
wliich,  from  each  ^ylindci-,  a  pair 
of  long  piston  rods  rise  on  opposite 
i5^         sides  of  the  shaft,  and  also  of  the 
-.     — I     crank,  carrying  a  cross-head  from 
•^"*    J    wLich   the  connecting  rod  hangs 
downwards.    In  fig.  101  is  seen  the 
air  puQip,  worked  by  a  lever  and 
Fie.  159.  2j^ijg_    j.;gg_  ig2  and  163  represent 

I  pair  of  Messm  Maudslay's  double   cylinder  engines,  in  which 
'here  are  four  cylindei-s,  two  for  each  engine.     Fig.  163  shows  the 
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two  nmilar  and  equal  t^linderB  that  belong  to  one  eogiae,  Htanding 
side  by  aide;  their  pistons  move  together,  and  they  tut  in  all 


respects  like  two  parts  of  one  cylinder.  Their  two  piston  rods  are 
fixed  to  the  cross-head  of  a  pair  of  T-shaped  pieces,  the  lower  ends 
of  tiie  stems  of  which  luOTe  in  vertical  guides  in  the  space  between 
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the  cylinden,  and  give  motion  througli  the  connecting  rod  to  th« 
crank.     The  air  pump  ia  worked  tJirough  a  lever  aod  lioka. 

The  Bimplest  arrange- 
ment of  direct  acting  screw 
engines  used  in  merchant 
vessels  will  be  illuatrated  in 
a  HubMKjuent  Article.  In 
ships  of  war,  those  enginen 
are  brought  below  the  watar 
line,  generally  hy  placing 
their  cyliiidera  either  hori- 
zontiil  or  very  much  in- 
clined. Contrivances  for 
tliis  object  have  given  rise 
to  an  incalculable  variety 
of  forms  of  engine. 

377.  CHpiiBs  Sbalto  •€ 
Blariae  EaglM*.— In  paddle 
engines,  the  shaft  consists 
of  three  pieces,  each  with 


n^- 163. 
ite  independent  bearings.   The  middle  piece,  called  the  intennediate 

thaft,  c  ■        .    ^  ■    ■ 


r  engiite  shaft,  is  in  permanent  connection  with  the  pistons 
__  1  the  connecting  roda  The  two  oui«r  pieceR,  called  the 
•paddle  giin/ts,  carry  the  paddle  wheels ;  they  have  cranks  upon  their 
inner  ends,  which  can  bo  at  will  connected  with  and  disconnected 
from  the  crank  pins  of  the  cranks  of  the  engine  shaft  The  details 
of  the  method  of  doing  this  vary  very  much  in  the  practice  of 
different  engineers. 

In  screw  engines  also,  the  engine  shaft  and  acreio  shaft  can  be 
conntcted  and  disconnected  by  various  contrivance* 

378.  SmHfth  ar  niHkiiBln  and  FraBlBR. — The  principles  upon 
which  the  strength  of  mechanism  depends  have  been  explained  in 
Section  8  of  the  Introduction ;  and  it  has  also  been  shown  how 
they  are  to  be  applied  to  the  principal  pieces  which  occur  in  the 
mechanism  of  steam  engines,  such  as  piston  rods,  connecting  rods, 
cross-heads,  croas-taila,  beams,  cranks,  axles,  wedges,  keys,  4a 

Care  must  be  taken  in  aU  calculations  on  this  subject,  to  consider 
all  the  variations  which  the  forces  acting  amongst  the  pieces  of  the 
mechanism  undergo,  whether  in  magnitude  or  in  direction,  and  to 
take  into  account  that  condition  of  those  forces  in  which  the  stress 
produced  by  them  is  the  most  se^■e^&  Care  must  also  be  taken 
not  to  consider  efforts  and  resistances  alone,  but  the  entire  forces 
applied  to  each  piece,  whether  direct  or  lateral  (Article  S,  page  6; 
Article  23,  page  31),  For  example,  it  is  not  the  mere  effort  in  the 
'''■™'*'""  "f  motion  of  the  crank  pin  which  is  to  bo  considered  in 
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determiniug  the  requisite  strength  of  the  crank,  but  the  whole 
thrust  or  pull  exerted  along  the  connecting  rod. 

The  framework  by  which  a  moving  piece  is  held  or  supported, 
exerts  upon  that  piece  a  force  or  forces  sufficient  to  prevent  it  from 
l>eing  dislodged  from  its  proper  bearings,  and  must  be  made  suffi- 
ciently strong  to  bear  with  safety  all  the  forces  exerted  by  other 
bodies  upon  the  moving  pieces  which  it  carries. 

For  example,  in  a  beam  engine,  the  principal  parts  of  the  frame- 
work are,  the  sole  or  base,  and  the  pillars  for  alternately  supporting 
and  holding  down  the  main  centre  of  the  beam.  At  one  end  of  the 
base,  the  cylinder  must  be  fixed  down  to  it  by  bolts  capable  of 
safely  resisting  an  upward  pull  equal  to  the  greatest  effort  on  the 
piston.  At  the  other  end,  the  bearings  of  the  shaft  must  be  fixed 
down  with  equal  firmness.  The  supports  of  the  main  centre  must 
be  strong  enough  to  bear  the  forces  acting  upon  it,  determined  in 
the  manner  explained  in  Article  370.  The  base  itself  must  possess 
transverse  strength  sufficient  to  bear  safely  the  tendency  of  the 
forces  applied  to  its  ends  and  middle  to  break  it  across,  producing 
a  moment  o/Jlexure  (Article  73,  page  75)  at  each  instant,  equal  and 
opposite  to  that  which  acts  on  the  beam. 

Similar  principles  apply  to  the  side  lever  engine,  except  that  the 
pillars  support  and  hold  down  the  bearings  of  the  engine  shafL 

In  a  direct  acting  engine,  the  pi-incipal  parts  of  the  frame  are  the 
Pinal's  or  rods  by  which  the  cylinder  and  the  shaft  are  kept  in  their 
proper  relative  positions^  and  which  have  to  resist  a  pull  and  a 
thrust  alternately. 

379.  Bniancing  of  iTlechanisiB. — All  the  moving  parts  in  an  engine 
ought  as  far  as  possible  to  be  balanced;  that  is  to  say,  that  every 
axis  about  which  moving  parts  turn  or  vibrate,  or  have  a  recipro- 
cating motion,  should  either  exactly  or  as  nearly  as  possible  traverse 
the  common  centre  of  gravity  of  all  the  parts  that  its  bearings  sup- 
port, and  be  a  permanent  axis  of  those  parts  which  turn  with  it. 
The  reasons  for  doing  this,  and  the  principles  according  to  which  it 
is  to  be  eiSfected,  have  been  explained  in  Articles  21,  22,  pages 
27  to  30.  It  is  of  special  importance  as  applied  to  the  crank 
shaft. 

The  weight  of,  and  the  centrifugal  force  and  couple  produced 
by,  any  mass  which  is  fixed  to  the  shaft  and  rotates  along  with  it, 
such  as  a  crank  or  eccentric,  can  easily  be  balanced  by  counterpoises 
fixed  to  and  rotating  along  with  the  shaft  also.  In  the  case  of  a 
mass  which  only  partially  partakes  of  the  motion  of  the  shaft,  such 
as  a  piston,  the  balance  of  weight  and  inertia  caimot  be  exactly 
realized  in  all  positions  of  the  engine,  but  must  be  approximated 
to  in  the  way  which  may  seem  best  to  the  judgment  of  the 
engineer. 
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In  Article  347  it  has  been  shown  how  the  wcijjht  of  the  piston 
in  vertical  cylinders  ie  approiimately  balanced  by  a  proper  adjust- 
meat  of  the  pre^Mire  of  the  Bt«am.  In  this  case  it  is  probably  best, 
in  order  to  avoid  horizontal  vibrationa,  that  the  weight  of  the  piston, 
its  rod,  and  half  the  connecting  rod,  should  be  bcUanced  by  steam 
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Ereasnre  alone,  the  cnnk  ftnd  the  other  half  of  the  connecting  rod 
eing  balanced  bj  connterpoisee  fixed  on  the  shaft.  In  engines 
with  horizont&l  cylindera,  on  the  other  hand,  it  is  probably  hetA  to 
treat  the  whole  weight  of  the  piaton,  piston  rod,  and  connecting 
rod,  as  if  It  were  concentrated  at  and  revolved  along  with  the  crank 
pin,  and  to  fix  counterpoises  on  the  ahaft  auited  to  that  suppoai- 
tion;  anil  this  method,  or  one  not  greatly  differing  from  it,  appeal's 
to  have  been  practised  by  Messrs.  Bourne  &  Go.  in  their  horizontal 
single  cylinder  screw  engine,  with  good  re8ult&. 

Section  6. — Exampia  of  Pumping  and  Marine  Engint$. 

360.     Kniiplca  afa  Oaralah  PaMHiig  Enslne. — Figs.    164,  169, 

and  166,  represent  a  single  acting  non-rotative  beam  engine,  known 
as  the   "  Cornish   engine,"  and 
used  for  draining  mines,  and  for 
■upplyins  towns  with  water. 
Fig.  If)4  ia  a  general  elevation 

Fig.  165  ia  an  elevation,  and    ■ 
fig.    166  a  plan,  of  the  valve 
gear. 

As  to  the  general  airange- 
ment  of  tiie  valve  gear,  see  Ar- 
ticles 3*2  and  343. 

A  is  the  cylinder;  B,  the 
piston  rod;  C  D  E,  the  beam; 
F,  the  main  pump  rodj  G,  the 
tappet  rod  or  plug  rod;  H,  the 
equilibrium  pipe,  which,  when 
the  ecjuilibrium  valve  ia  open, 
connects  the  top  and  bottom 
of  the  cylinder ;  I,  the  exhauat 
pipe  ;  K,  the  condenser ;  L,  the 
air  pump;  M,  the  feed  pump; 
N,  its  supply  pipe;  and  O,  its 
discharge  pipe. 

P  is  the  "  cataract,"  aa  to  the 
general  nature  of  which  see  Ar- 
ticle 343.  Q,  the  chest  of  the 
throttle    valve;   o,  ita  spindle;  „„  ... 

6  c,  a  lever;  and  tirf,  a  lid  and  *^  "^ 

handle  to  adjust  ito  opening;  Z,  the  passage  through  which  it  com- 
municates with  the  steam  valve  box  E,  S,  the  equilibrium  valve 
box.     T,  the  exhaust  valve  box. 


o2i  nzAX  aud  other  hut  xsonm. 

e  b  the  pump  of  the  cataract,  atiuiding  in  »  small  tank ;  ita  piston 
rod  is  attached  to  am  arm  projecting  from  tha  rocking  shaft  rf. 
From  that  shaft  there 
projects  another  lever 
g,  which  is  depressed 
by  the  tappet  rod  G 
when  near  the  bot- 
tom of  its  down 
stroke,  so  as  to  lift 
the  piston  of  the 
pump.  A  third  arm 
projecting  from  the 
same  shaft  ^  carries 
a  weight  i,  which,  as 
soon  as  the  tappet 
rod  begins  to  rise 
and  leave  the  lever 
g  free,  causes  the 
piston  to  descend 
ng.  168.  slowly. 

Meanwhile  the  tappet  rod,  when  at  the  bottom  of  its  descent, 
has  ehut  the  exhaust  valve  bj  means  of  the  tappet  y,  and  opened 
the  equilibrium  valve;  the  piston  has  aacended;  and  at  the  top  of 
the  up  stroke  the  tappet  rod  has  shut  tlie  cquilibi-ium  valve,  so 
that  the  engine  is  ready  to  begin  a  new  stroke  so  soon  as  the  exhauiit 
valve  and  steam  valve  shall  be  re-opened. 

The  weight  t  continues  to  press  down  the  cataract  piston,  and  t^ 
cause  the  lever  g  to  rise.  Tliis  lover  supports  a  small  vertical  rod, 
hidden  in  fig.  1C5  behind  the  tappet  rod  G,  from  wliich  small  ro<l 
there  projects  &  peg,  that  at  length  lifts  the  lever  &.  From  the 
lever  k  there  projects  a  catch  that  liolds  a.  tooth  projecting  from  the 
rocking  shaft  m,  and  prevents  that  shaft  from  turning  under  the 
action  of  the  loaded  road  i  that  hangs  from  a  short  lever  pr<(}ecting 
from  the  shaft  m.  When  the  lever  k  is  lifted,  the  shaft  m  is  set 
free,  wl  ereupon  I  descends,  m  turns,  the  handle  ji  projecting  from 
m  rises;  the  short  lever  prajecting  from  m  pulls  the  loaded  tod  op 
towards  the  right  of  the  figure,  which,  through  the  bell  crank  pqr, 
lifts  the  spindle  a  of  the  exhaust  valve,  and  opens  that  valve  so  as 
to  let  the  st«am  from  below  the  piston  escape  to  the  condenser. 

The  before-mentioned  vertical  lod  resting  on  g  continues  to  rise; 
a  peg  projecting  from  it  lifts  the  lever  f,  Himilurly  placed  to  k,  but 
higher,  and  in  the  same  manner  as  a  catch  on  i  liberates  a  weight 
whose  descent  opens  the  exhaust  valve,  a  catch  on  ( liberates  a 
weight  whose  descent  opens  the  steam  valve.  The  steam  is  admitted, 
and  the  down  stroke  begina. 
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At  a  point  of  the  down  stroke  fixed  by  adjusting  the  position  of 
the  long  tappet  x  on  the  tappet  rod,  that  tappet  presses  down  the 
handle  u  as  to  shut  the  steam  valve,  and  hold  it  shut  for  the 
remainder  of  the  stroke,  which  is  performed  by  expansion. 

As  the  down  stroke  is  completed  the  cycle  of  operations  already 
described  recommencea 

The  ascent  of  the  piston  while  the  equilibrium  valve  is  open  is 
produced  by  a  slight  preponderance  of  the  weight  of  the  main  pump 
rod  and  its  load  above  the  weight  and  resistance  of  the  column  of 
water  which  the  plungers  raise.  The  energy  exerted  by  the  steam 
on  the  piston  during  the  down  stroke  is  stored  in  lifting  the  pump 
rod  and  its  load,  as  has  been  explained  in  Article  32,  page  37. 
The  cylinders  of  Cornish  engines  are  jacketed  above,  below,  and  all 
round,  and  clothed  with  felt  and  planking. 

In  direct  acting  non-rotative  pumping  engines  the  up  stroke  is 
the  effective  stroke,  the  steam  being  admitted  and  expanded  below 
the  piston,  then  passed  by  the  equilibrium  valve  from  the*bottom  to 
the  top  of  the  cylinder,  and  then  discharged  into  the  condenser. 
The  arrangement  of  the  mechanism  somewhat  resembles  that  of  the 
water  pressure  engine  in  Article  132,  fig.  40 — except  that  in  general 
the  piston  rod  proceeds  upwards  through  a  stuffing-box  in  the  cylin- 
der cover,  and  carries  at  the  top  a  cross-head,  from  the  ends  of  which 
hang  links,  attached  at  their  lower  ends  to  the  cross-head  of  the 
pump  rod  Another  arrangement  is,  to  have  a  pair  of  similar  and 
equal  cylinders,  standing  side  by  side,  whose  piston  rods  support  tlie 
ends  of  a  cross-head,  &om  the  middle  of  which  the  pump  rod 
hangs. 

381.  i>onble  Acting  Pninpiag  Engiacs  are  now  very  common,  in 
which  the  piston  rod  of  a  double  acting  pump  is  continuous  with 
that  of  the  engine.  Such  engines  are  rotative,  having  a  fly-wheel 
driven  by  means  of  a  crank  for  the  purpose  of  making  the  motion 
steady.     The  cylinder  and  pump  are  often  horizontal. 

382.  Eacample  of  Terclcal  Inrerfed  Screw  murine  Engine*. — FigS. 

167  and  168  represent  the  pair  of  engines  of  the  "  Indian  Queen," 
by  Messrs.  Neilson  <k  Co.  These  engines  have  been  selected  for 
the  purpose  of  illustration,  because  tbey  are  very  good  and  effi- 
cient specimens  of  engines  for  a  screw  merchant  steamer,  and  at 
the  same  time  contain  nothing  unusual  in  their  parts  or  arrange- 
ment,* Fig.  167  shows  a  fix)nt  elevation,  and  a  vertical  section  of 
part  of  the  forward  cylinder  and  part  of  the  valve  chest.  Fig.  168 
is  a  side  elevation  looking  towards  the  head  of  the  ship.  The  scale 
is  A-  of  the  real  dimensions.  Each  cylinder  has  an  ordinary  slide 
valve  moved  by  a  link  motion  (Article  348),  and  a  gridiron  ex- 

•  Through  inadvertence,  figs.  167  and  168  have  been  reyersed  as  to  right  and  left; 
80  that,  while  the  actual  engines  face  to  port,  the  figures  show  them  as  fiunng  to  starboard. 
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pannon  elide  vftlve  worked  by  a  separate  eccentric  (Article  350). 
The  cylinders  are  steam  jacketed,  and  also  clothed  in  felt  and 

A,  A,  are  the  cylinders.  B,  part  of  the  piston  of  the  forward 
engine.  C,  C,  cylinder  ports.  D,  exhaust  port  E,  ordinary  slide 
valve.     F,  gridiron  expansion  valve. 

G,  G,  G,  G,  are  the  eccentric  rode  of  the  two  link  motions  for 
working  the  ordinAiy  slide  valves.     Of  these  rods  only  one  is  shown 


^^  in  fig.  16Sl     H,H,  eccentric  rods  of  the  two  expansion  valves. 
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L,  in  fig.lG7,the  fore  crank.  L,  in  fig.  lC8,theaaercrenk,dotte<l. 
M,  in  tig.  168,  the  aft  conuecting  rod. 
N,  in  fig.  168,  the  aft  iiiaton  rod. 

In  fig  1U7  the  piston  and  connecting  todfl  are  hidden  by  pilkw  of 
the  frame  and  guides.     O  are  levers  driven  by  liuka  coum-ct*d  with 


Fig.  168. 


the  piston  rod  heads  to  work  the  pumps.     P,  P,  air  pumps.     Q, 
condenser.     R,  hot  well  with  air  vessel  above. 

S,  S,  exhaust  pipes  of  cylinders. 

T,  T,  feed  pumps,  worked  by  rods  attached  to  crots-hi.'ada  o-i  the 
air  pump  trunks. 
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TJ,  wlieel  to  turn  the  screw  wliicli  shifte  the  links  of  the  link 
motions  when  the  engines  are  to  be  revursed  or  stopped,  the  valve  roda 
being  at  rest  lat«r«ily. 

This  pair  of  engines,  when  making  75  revolutions  per  minute, 
with  a  istio  of  expansion  of  5,  is  of  320  indicated  horae-power, 
and  burns  3  lbs.  of  coal  jier  indicated  horsepower  per  hour;  the 
efficiency  of  the  Hteam,  find  of  the  fiirniice  aud  boiler,  as  well  as  the 
rate  of  expansion,  bciug  almost  exactly  the  same  as  in  the  engines 
referred  to  in  Article  '26'J,  Example  I.,  pages  40d,  406. 

Section  7. — Locomotive  Engines. 

3S3.  Btifrrcnfe  M  PrrrlaBii  Anlcles. — Besides  the  general  charac- 
teristics which  locomotive  engines  possess  in  common  with  other 
steam  engines,  the  peculiaritiea  of  those  engines  have  1*™  friiquently 
referred  to  in  previous  parts  of  this  work,  and  especially  in  the  fol- 
lowing jilaces  :— 

Article  22!),  page  281  (supply  of  air  to  fuel). 

Article  230,  pages  2^2,  28^  (distribution  of  air,  and  contrivances 
to  prevent  smoke.) 

Article  233,  page  285  (rate  of  combustion). 

Article  231,  Division  IV.,  pages  2i)3  to  297,  especially  examples 
rV.,  v.,  VI.,  VII.,  VIII.  {elficiency  of  furnace  and  evaporative 
power  of  fuel). 

Article  280,  pages  382,  383  (back  pressure). 

Article  286,  piige  3D6  (use  of  hi«tjng  the  cylinder  externally). 

Article  289  a,  [lago  412  (use  of  high  pressure  condensation). 

Article  290,  jages  413  to  416  (resistance  of  the  i-egulator). 

Articles  303,  304,  305,  pages  449  to  452  (furnace  and  boUcr). 

Article  306,  page  456  (^ate  and  its  ash-pan). 

Article  308,  page  457  (height  of  furnace). 

Article  312,  page  459  (fire-box  stays). 

Article  312,  jwge  460  (tubes  and  boiler  shell). 

Article  315,  page  463  (boiler  room). 

Article  317,  page  465  (safety  valves). 

Article  341,  page  485  (throttle  valve). 

Article  347,  pages  491  to  496  (expansion  by  the  link  motion), 

384.  AdbniBH  Bf  Wbreii. — The  tractive  effort  which  a  l^mo- 
tive  engine  can  exert  is  limited,  not  only  by  a  quantity  depending 
on  tlio  dimensions  of  the  cyluidi'r  and  driving  wheels  and  the  effec- 
tive pressure  of  the  steam,  but  also  by  the  adiiesion  between  the  driv- 
ing wheels  and  the  rails,  which  means  the  friction  between  them, 
acting  so  as  to  prevent  slipping.  If  the  resistance  of  the  load  drawn 
excfcda  the  adhesion,  the  wheels  turn  round  without  advancing. 

The  adhesion  in  et^uol  tv  the  pruduolr  of  that  part  of  the  weight  uf 
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the  engine  which  rests  on  the  driving  wheels  into  a  oo-ef&cient  of 
friction  which  depends  on  the  condition  of  the  surfaces  of  the  wheels 
and  rails.  The  value  of  that  co-efficient  is  from  0*15  to  0*2,  when 
wheels  and  rails  are  clean  and  dry;  but  when  they  are  damp  and 
slimj,  or  in  the  condition  called  **  greasy/*  it  diminishes  sometimes 
to  0-07  or  0*05.  About  0*1  may  be  considered  an  average  ordinary 
value. 

The  proportion  of  the  weight  of  the  engine  which  rests  on  the 
driving  wheels  depends  on  the  number  and  arrangement  of  the 
wheels,  the  number  of  pairs  driven  by  the  engine,  and  the  distribu- 
tion of  the  load  upon  them.  The  number  of  wheels  ranges  from 
two  to  five  pairs — ^the  most  common  number  being  three  pairs— of 
these  from  one  pair  to  the  whole  are  driven  by  the  engine.  The 
proportion  of  the  weight  of  the  engine  which  rests  on  the  driving 
wheels  may  be  estimated  to  range  from  one-third  to  the  whole. 
One-half  is  probably  the  most  usual  proportion  in  six-wheeled 
engines  with  one  pair  of  driving  wheels  under  the  middle  of  the 
engine,  which  is  the  most  common  arrangement  in  passenger 
engines ;  two- thirds,  in  six- wheeled  and  eight- wheeled  engines  with 
two  pairs  of  wheels  coupled  so  as  to  be  driven  by  the  engines, 
which  is  a  common  arrangement  in  goods  engines.  Engines  with  all 
the  wheels  coupled  are  used  for  slow  and  heavy  trains,  and  in  them, 
of  coiu'se,  the  whole  weight  rests  on  driving  wheels. 

The  weights  of  locomotive  engines  range  £rom  5  to  40  tons  in 
extreme  cases ;  but  the  most  ordinary  weights  are  from  20  to  25  ton& 
When  the  stock  of  fuel  and  water  are  carried  in  a  tender,  the  weight 
of  the  engine  itself  is  alone  available  to  produce  adhesion,  unless, 
as  is  sometimes  the  case  on  very  steep  railways,  the  wheels  of  the 
tender  are  coupled  to  those  of  the  engine  by  gearing  chains  and 
pulleys.  Some  engines,  called  tank  engines,  carry  their  own  stock  of 
fuel  and  water — ^the  fuel  on  the  platform  behind  the  fire-box,  and  the 
water  in  a  tank  above  the  barrel  of  the -boiler— and  in  them  the 
adhesion  is  greatest  on  first  starting  from  a  station  where  fuel  and 
water  are  taken  in,  and  gradually  diminishes  as  the  stock  is  con- 
sumed. 

385.  Resffltance  of  Englnea  and  Tntes. — ^The  authority  nOW 
chiefly  relied  upon  for  the  resistance  of  engines  and  trains  on 
railways  is  that  of  a  series  of  experiments  by  Mr.  €k)och  on  the 
broad  gauge.  The  following  empirical  formula  represents  with 
tolerable  accuracy  the  results  of  those  experiments : — 

Let  E  be  the  weight  of  the  engine  and  tender  in  tons. 

T,  the  weight  of  the  train  in  tons. 

V,  the  velocity  in  miles  an  hour, 

t,  the  inclination  of  the  line,  expressed  as  a  fraction;  ascents 
being  considered  as  positive,  and  descents  as  negativa 

2m 
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BesistBDoe  of  the  train  in  lb& 

={6  +  0-3(V— 10)=fc:22404Tj (1.) 

Redstanoe  of  the  engine  and  tender  in  lbs. 

={l2  +  0-6(V— 10)=±:2240vB; (2.) 

Total  resistance  in  lbs. 

=  ^  6+0-8  (V—10)}(T+2B)db2240i(T+E) (3.) 

At  velocities  less  than  ten  miles  an  hour  the  term  containing  Y — 10 
is  to  be  omitted :  the  resistance  being  sensibly  constant  below  that 
speed. 

Mr.  D.  SL  Clark  prefers  to  such  formula  as  the  above,  another 
set  of  formula  in  which  the  resistance  is  treated  as  consisting  of  a 
constant  part,  and  a  part  increasing  as  the  square  of  the  speed;  as 
follows : — 

Resistance  of  train,  in  lbs.  =  (6  +  ^  =±:  2240  i)  Tj (4.) 

Resistance  of  engine  and  tender,  in  Iba 

The  second  term  of  this  is  the  resistance  of  the  mechanism. 

Total  resistance,  in  lbs.  =  (8  +  ^  zfc  2240  i)  (T  +  E) (6.) 

The  resistance  on  a  curve  exceeds  that  on  a  straight  line,  accord- 
ing to  experiments  by  Lieutenant  David  Rankine  and  the  Author, 
made  at  low  velocities,  to  the  amount  of 

1*4  lb.  per  ton  ,„. 

radius  of  curve  in  miles * ^  '' 

The  mean  effective  effort  of  the  steam  on  the  pistons  required  to 
overcome  a  given  total  redstance  of  engine  and  train  is  given  by  the 
following  equation,  in  which  A  is  the  toUU  area  of  both  pistons,  and 
Pm  "Ps  ^6  mecm  ^ective  pressure. 

.  .  Total  resistance  x  circumference  of  driving  wheel   /*>  v 

A  (p«  -Pz)  =  ■      2  X  length  of  stroke  of  piston  ^   ' 

386.  The  Batandac  mt  BBgiBc««  both  as  to  centrifugal  forces  and 
centrifugal  couples,  is  of  great  importance  as  a  means  of  preventing 
dangerous  oscillations.  The  principle  according  to  which  it  is 
effected  is,  to  conceive  the  mass  of  the  pistons,  piston  rods^  and 
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connecting  rods,  and  a  weight  having  the  same  statical  moment 
as  the  cranky  as  concentrated  at  the  crank  pins,  and  to  insert 
between  the  spokes  of  the  driving  wheels  oounterpoiues  whose 
weights  and  positions  are  regulated  by  the  principles  explained  in 
ArUcles  21  and  22,  pages  27  to  30. 

The  following  are  the  formuke  to  which  these  principles  lead : — 

Data — 

W,  total  weight  conceived  to  be  concentrated  at  one  crank  pin. 

c,  length  of  the  crank,  measm^d  from  the  axis  of  the  axle  to  the 
centre  of  the  crank  pin.  * 

a,  distance  of  the  centre  of  the  crank  pin,  measured  parallel  to  the 
axle,  from  the  middle  of  the  length  of  the  axle. 

6,  distance  of  the  centre  of  a  wheel  from  the  middle  of  the  length 
of  the  axle. 

r,  radius-vector  of  each  counterpoise;  being  the  distance  of  its 
centre  of  gravity  from  the  axis  of  the  axle. 

Requibed— 

t,  angle  which  that  radius- vector  makes  with  a  plane  traversing 
the  axis  in  a  direction  midway  between  the  directions  of  the  two 
cranks,  and  pointing  the  opposite  way  to  those  directions.  The 
cranks  being  at  right  angles  to  each  other,  make  angles  of  135^  with 
the  plane  in  question. 

tr,  weight  of  each  counterpoise. 

Results — 

t  =7arc  tan  '^^ •.(!.) 


r     V      26*         ^2-rcosi  ^   ' 

In  practice,  those  formulae  may  be  used  to  find  a  first  approxi- 
mation to  the  required  position  and  weight  of  the  counterpoises ; 
but  the  final  adjustment  is  always  performed  by  trial;  the  engine 
being  hung  up  by  chains  attached  to  the  four  corners  of  its  frame, 
and  the  machinery  set  in  motion :  a  pencil  attached  to  the  frame 
near  one  angle,  marks,  on  a  horizontal  card,  the  form  of  the  oscilla- 
tions, being  usually  an  oval;  and  the  counterpoises  are  adjusted 
until  the  orbit  described  by  the  pencil  is  reduced  to  the  least 
possible  magnitude.  When  the  adjustment  is  successful,  the 
diameter  of  that  orbit  is  reduced  to  about  iV  of  an  incL 

387.  The  Blut  Pipe  has  the  effect  of  adjusting  the  draught  of 
the  furnace,  and  consequently  the  rate  of  consumption  of  fuel,  to 
the  work  to  be  performed  by  the  engine  with  very  different  loads, 
and  at  very  different  speeds;  and  is  on  that  account  perhaps  the 
most  important  of  the  peculiar  parts  of  the  locomotive  engine. 
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Its  effect  upon  the  back  pressure  in  the  cylinder  has  already  been 

considered  in  Article  280,  pages  382,  383. 

The  effect  of  the  blast  pipe  in  producing  a  draught  depends  upon 

its  own  diameter  and  position,  on  the  diameter  of  the  chimney,  and 

on  the  dimensions  of  the  fire-box,  tubes,  and  smoke-box.   Mr.  D.  K. 

Clark  has  investigated  the  influence  of  these  circumstances  from 

his  own  experiments,  and  from  those  of  Messrs.   Kamsbottom, 

Poloncean,  and  others,  and  has  shown  that  the  vacuum  in  the 

smoke-box  is  about  0*7  of  the  blast  pressure :  that  the  vacuum  in 

the  fire-box  is  from  ^  to  ^  of  that  in  the  smoke-box :  that  the  rate 

of  evaporation  varies  nearly  as  the  square  root  of  the  vacuum  in 

the  smoke- box :  that  the  best  proportions  of  the  chimney  and  other 

parts  are  those  which  enable  a  given  draught  to  be  produced  with 

the  greatest  diameter  of  blast  pipe,   because  the  greater  that 

diameter,  the  less  is  the  back  pressure  produced  by  the  resistance 

of  the  orifice ;  that  the  same  proportions  are  best  at  all  rates  of 

expansion  and  at  all  speeds:  and  that  the  following  pro})ox'tions 

are  about  the  best  known: — 

1 
Sectional  area  of  tubes  within  ferules, =  -^  area  of  grate. 

Sectional  area  of  chimney, =  r^  area  of  grate. 
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Area  of  blast  orifice  (which  should  he\       j 

somewhat   below  the    throat  of   the  V  =  ^  area  of  grate, 
chimney, j 

Capacity  of  smoke-box, =  3  feet  x  area  of  grate. 

Length  of  chimney, =its  diameter  x  4. 


If  the  tubes  are  smaller,  the  blast  orifice  must  be  made  smaller 
also;  for  example,  if 

Sectional  area  of  tubes  within  ferules =^  Tfi  ^^^^^  ^^  grate, 

1 
Then  area  of  blast  orifice ~Qn  *''®*  of  grate. 

388.  EzampiM  of  liOcomotiTe  Bnyiam. — The  examples  here  given 
are  from  two  locomotive  engines  by  Messrs.  Neilson  &  Co.,  which  are 
selected,  like  the  screw  marine  engines  of  Article  382,  because  they 
are  good  and  efficient  specimens  of  the  class  of  engines  to  which 
they  belong,  and  have  nothing  unusual  in  their  proportions  and 
arrangements. 

Fig.  169  is  a  side  view  copied  from  a  photograph  of  a  six- wheeled 
engine,  with  two  pairs  of  wheels  coupled  Its  scale  is  about  ^  of 
the  resil  dimensions. 
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Fig.  170  ia  a  longitudinal  gection  of  an  engine  of  the  same  class 
with  the  preceding,  but  witli  somewhat  larger  driviag  wheels,  being 


intended  for  a  less  steep  line  and  higher  speeds.     The  scale  is  iV  of 

the  real  dimenaiona.     The  details  of  the  valve  gearing  are  omitted. 
Pig.  171  shows,  at  the  left-hand  aide,  a  cross-section  through 

half  the  fire-box,  and  at  the  right-hand  side,  a  cross-section  through 

half  the  smoke-box,  of  the  same  engine- 
Fig.  172  is  an  elevation  of  the  valve  gearing  of  one  cylinder, 

with  the  cover  taken  off  the  valve  chest  to  show  the  slide  vE^ve  and 

Fig.  173  shows  a  plan  of  the  valve  gearing  of  one  cylinder,  and 
a  longitudinal  section  of  the  cylinder  and  valve  chest. 

The  scale  of  figs.  171,  172,  and  173,  is  ^  of  the  real  dimen- 

A  is  the  a«ih-pan;  B,  the  grate;  C,  the  fire-box.  In  fig.  170, 
the  heads  of  the  bolts  which  tie  the  out«r  and  inner  sheila  of  the 
fire-box  together  are  irr^ularly  placed ;  but  that  is  an  oversight 
in  the  engraving;  they  ought  to  be  ranged  in  vertical  and  hori- 
zontal lines.     D  is  the  fire-door. 

£  are  the  tabes,  extending  from  the  fire-box  to  the  smoke-box 
F.     Q  is  the  lower  end  of  the  chimney. 

I  is  one  of  the  horizontal  feed  pumpa,  worked  by  a  link;  from  one 
of  the  eccentrics.  H  is  the  supply  pipe  from  the  water  tank  of  the 
tender;  K,  the  feed  pipe,  leading  to  the  boiler. 

L  is  the  water  space  round  the  fire-box;  M,  the  water  space  and 
steam  space  above  it 

N  are  longitudinal  riba,  to  which  the  crown  of  the  fire-box  is 
stayed,  as  explained  ia  Article  312,  page  459.    The  crown  receives 
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additkmal  snppoii  from  rortiixl  staj  htn,  banging  from  the  ndei 
of  the  ateam  aom«. 


Bg.  171. 
O  is  the  space  above  the  tubes,  in  the  barrel  of  the  boiler.  P  is 
the  steam  dome,  od  tlie  top  of  the  external  shell  above  the  fire-box. 
This  part  of  the  shell  in  the  engine  represented  is  of  a  radius  a 
little  greater  than  the  barrel  of  the  boiler;  but  in  many  engines 
(ibr  example,  those  of  Messrs.  Kitson  &  Co.)  it  is  made  of  the  samo 
ndia& 
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Q  is  one  of  the  safety  yalve&  The  other  safety  valve  is  omitted 
in  fig.  170,  but  shown  in  fig.  169,  a.8  standing  on  the  middle  of  the 
barrel  of  the  boiler. 

H,  R,  R,  is  the  steam  pipe,  bringing  steam  down  from  the  dome, 
and  along  the  top  of  the  barrel 

5,  S,  the  regulator,  a  conical  valve  worked  by  a  screw.  T, 
branch  steam  pipe ;  U,  slide  valve  chest ;  V,  slide  valve ;  W,  W, 
cylinder  ports;  X,  cylinder;  Y,  exhaust  port;  Z,  exhaust  pipe. 
The  two  exhaust  pipes  unite  in  the  blast  pipe  a. 

6,  piston;  c,  piston  rod;  d,  connecting  rod,  driving  a  crank  on 
the  front  driving  axle^;  e,  coupling  rod,  connecting  cranks  on  the 
front  driving  axle  f,  and  hind  driving  axle  k,  g^  front  driving 
wheel ;  k^  hind  driving  wheel. 

If  forward  eccentric,  and  m,  backward  eccentric,  of  the  left  slide 
valve,  n,  forward  eccentric  rod ;  o,  backward  eccentric  rod.  These 
rods  are  jointed  to  the  two  ends  of  the  link  jp,  which  is  jointed  at 
the  centre  to  and  supported  by  a  nearly  vertical  bridle  or  lever, 
oscillating  about  a  fixed  centre,  ris  the  slide  valve  rod,  and  q  the 
connecting  rod,  through  which  the  rod  r  receives  motion  from  a 
slider  in  the  link  p.  The  radius  of  the  centre  line  of  the  link  is 
the  length  of  the  rod  q.  The  slider  and  the  rod  q  ai-e  shifted  into 
difierent  positions,  so  as  to  alter  the  expansion  or  reverse  the  engine 
when  required  (as  explained  in  Article  348,  page  497)  by  means 
of  the  rod  8,  connected  with  the  lever  L  A  pair  of  those  levers,  to 
act  on  the  two  link  motions  at  once,  project  from  the  rocking  shaft 
u.  On  the  left-hand  outer  end  of  that  shaft  is  a  vertical  lever, 
connected  through  a  long  rod  v  (partly  seen  in  fig.  170),  with  the 
handle  w,  by  means  of  which  the  engine  driver  controLs  the  link 
motion.  When  that  handle  is  pushed  forward  or  pulled  back  as 
far  as  it  can  go,  the  engine  is  in  frill  forward  or  frill  backward 
gear  respectively;  and  intermediate  positions  give  various  rates  of 
expansion  in  forward  or  backward  gear,  according  as  the  handle  is 
before  or  behind  its  middle  position. 

X,  X,  a;,  are  the  springs;  y,  a  balance  lever  to  distribute  the  load 
equally  between  the  two  pairs  of  driving  wheels,  notwithstanding 
irregularities  in  the  surface  of  the  rails;  z^  training  axle  and  wheel. 

389.   I<ocomotlTe  EH^inM  for  €onimoM  Roads  of  vanous  forms 

have  been  invented  by  Mr.  Gumey,  Sir  James  Anderson,  Mr. 
Scott  Russell,  and  many  other  inventors,  and  were  at  one  time 
constructed  and  used  to  some  extent.  For  many  years  they  fell 
into  disuse;  but  have  been  revived  in  the  form  of  Mr.  Boydell's 
"  traction  engine."  This  machine  is  adapted  to  drawing  long  trains 
of  heavy  laden  vehicles  at  a  low  speed,  such  as  four  or  ^yq  miles 
an  hour,  and  appears  to*have  been  quite  successful.  To  insure  that 
the  driving  wheel  shall  take  a  sufficient  hold  of  the  road,  without 
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injuring  its  sur&ce,  that  wheel  Buocessivelj  sets  down  in  front  of 
itRelf,  runs  over,  and  picks  up  again,  a  series  of  flat  oblong  plates 
or  shoes,  which  form  a  sort  of  endless  tramway  for  the  wheel  to 
run  upon,  and  enable  it  not  merely  to  travel  on  roads,  but  on 
rough  and  soft  ground. 

SECfnoN  8. — 0/ Steam  Turbines. 

390.  The  Bcaciion  fliMiBi  BBgiae.  in  a  rude  form,  is  described  in 
the  Pneumatics  of  Hero  of  Alexandria.  It  was  improved  and 
brought  into  use  to  a  limited  extent  by  Mr.  Ruthven.  Its  principle 
and  mode  of  action  are  analogous  to  those  of  a  reaction  water  wheel 
(Article  171,  page  190;  Article  176,  page  197),  but  existing  experi- 
mental data  are  not  sufficient  to  form  a  precise  theory  of  it. 

391.  The  Faa  mmm  Bastae,  invented  by  Mr.  William  Gk>rman, 
is  analogous  in  its  principle  and  mode  of  action  to  an  inward  flow 
water  turbine  (Article  171,  page  191;  Article  173,  page  193; 
Article  174,  pages  194,  195,  196,  <&a)  It  consists  of  an  outer 
annular  casing,  which  receives  steam  from  the  boiler,  and  discharges 
it  in  tangential  jets  from  its  inner  surface;  an  inner  cylindrical 
casing,  having  openings  at  the  centre  for  the  discharge  of  the  waste 
steam;  and  a  fan,  consisting  of  scoop-shaped  blades  radiating  from 
a  shaft,  which  rotates  within  the  inner  casing,  and  is  driven  by  the 
tangential  jets  of  steam. 

An  engine  of  this  kind  was  successfully  used  for  some  time  at  the 
Glasgow  City  Saw  Mills,  and  was  considered  equal  in  efficiency  to 
an  ordinary  high  pressure  engine;  but  (as  in  the  case  of  the 
reaction  steam  engine),  sufficient  experimental  data  have  not  yet 
been  obtained  to  complete  a  precise  theory  of  its  action. 


Addtssdvh  to  Article  316. 

Feed  Water  Bctttiag  Fewclii  should  have  safety  valves  and  pres- 
sure gauges. 

Addendttx  to  Abtiole  376. 

Amongst  Direct  Acting  JHarine  Eagtaes  may  be  mentioned  the 
triple  engine  of  Mr.  Scott  Bussell,  in  which  three  oscillating  cylin- 
ders radiate  in  three  equi-angular  directions  from  a  shaft,  and 
drive  one  crank. 


n 


PART  IV. 

OF  ELBOTRO-MAGNETIC  ENGINES. 


392.  Iair«J«etM7  Reouvka. —  AlihoQgh  the  principles  of  the 
deyelopment  of  mechanical  energy  from  chemical  action  through 
the  agency  of  electric  and  magnetic  forces  might  be  made  the  sub- 
ject of  a  Toluminous  treatise  which  would  be  highly  interesting  in 
a  scientific  point  of  view,  the  amount  of  experience  of  the  actual 
working  of  electro-magnetic  engines  is  not  yet  sufficient  to  supply 
those  data  which  are  necessary  in  order  to  render  such  a  treatise 
practically  valuable.  In  the  present  work,  therefore,  a  brief  outline 
only  of  those  principles  will  be  given,  illustrated  by  descriptions 
of  three  forms  of  engine,  two  of  which  are  selected  on  account 
of  their  simplicity,  and  probable  efficiency,  though  hitherto  used 
as  pieces  of  philosophic^  apparatus  only;  and  the  third,  on 
account  of  its  having  been  for  some  years  in  practical  operation. 

The  experimental  data  to  be  afterwards  referred  to  are  for  the 
most  part  due  to  the  researches  of  Dr.  Joule  and  Dr.  Andrews. 
The  theory  of  the  subject  was  first  correctly  set  forth  by  Professor 
Helmholtz,  and  Professor  William  Thomson,  in  a  series  of  papers 
published  respectively  in  Poggendorff"s  AnncUen,  and  in  the 
Philosophical  Tranaactions  and  FhiloaojMsal  Magazine,  especially 
two  papers  in  the  PhUosaphical  Magazine  for  December,  1851. 
The  summary  of  that  theory  which  will  be  given  is  in  the  main 
extracted  from  a  paper  by  the  Author  of  this  work  "On  the  General 
Law  of  the  Transformation  of  Enei^  "  {FhU.  Mag.,  1853). 

393.  Baergy,  Acival  and  PoiMitUiL — Energy  has  been  defined  in 
Article  25,  page  32;  and  the  distinction  between  actual  and 
potential  energy  has  been  explained,  so  &r  as  it  relates  to  mechan- 
ical energy,  or  energy  of  motion  and  of  force  tending  to  produce 
motion,  in  the  same  Article,  and  in  Article  31,  pages  35,  36.  It  has 
further  been  explained  in  Article  196,  page  224,  and  Aixticles  235, 
236,  pages  299,  300,  that  heat  is  a  form  of  energy.  In  order  to 
understand  the  application  of  certain  general  laws  respecting  energy 
to  electricity  and  magnetism,  the  definitions  of  energy,  actual  and 
potential,  must  be  extended  so  as  to  become  perfectly  general  and 
abstract,  as  follows : — 

A  capacity  for  performing  work  is  to  be  called  achtal  ENEsaT, 
when  it  consists  in  a  state  of  present  activity  of  a  substance,  such 
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aa  motion,  heat,  current  electricity;  and  potentiai.  enebgt,  when 
it  consists  in  a  tendency  of  a  certain  magnitude  towards  a  change 
of  a  certain  magnitude,  such  as  mechanical  potential  energy  (that 
is,  weight  or  pressure  capable  of  acting  through  a  given  space), 
chemical  affinity,  electrical  tension,  magnetic  tension. 

The  general  law  of  the  iram/ormat'wn  (jf  energy  baa  already  been 
stated  in  Article  244,  page  309.  The  principles  which  will  be 
explained  in  the  sequel  are  instances  of  its  apphcation  to  the  actual 
energy  of  current  electricity,  and  the  potential  energy  of  electro- 
magnetic attraction. 

394.  The  KBrrfr  af  Cfaeailcal  Acilon  ia  the  source  of  the  power 
of  electro-magnetic  engines,  as  it  is  of  that  of  heat  engines. 
Chemical  affinity,  or  the  tendency  of  two  substances  to  combine 
chemically,  is  a  sort  of  potential  eiiei^,  which,  when  the  substances 
actually  do  combine,  is  replaced  by  actual  enetgy  in  the  form  of 
heat,  or  of  current  electricity,  or  of  both  combined.  Examples  of 
the  quantities  of  energy  in  tJie  form  of  heat  produced  by  the  com- 
bination of  various  substances  with  oxygen  have  been  given  under 
the  head  of  "  Combustion,"  in  Articles  ^23,  22*,  pages  267  to  273; 
and  those  quantities  can  he  expressed  in  foot-pounds  of  energy  by 
multiplying  by  Joule's  equivalent  of  a  British  thermal  unit,  772. 

It  is  sometimes  difficult  or  inipoasihJo  to  obtain  the  whole  energy 
produced  by  a  given  chemical  combination  at  once  in  the  form  of 
heat.  In  that  case,  the  energy  may  be  obtained  first  in  the  form  of 
current  electricity,  and  reduced  affcei-wards  to  the  form  of  heat 

The  following  are  the  date  of  the  greatest  importance  in  the 
theory  of  electro-magnetic  engines; — 

I.  Energy  developed  by  the  solution  of  one  IK  of  rinc  in  Darnell's 
battery,  the  liquid  in  the  cells  being  a  solution  of  satphat«  of  copper 
in  water — 

Britisb  thcmul 

Heat  produced  by  the  oxidation  of  the  zinc, 3343 

Heat  produced  by  the  combination  of  the  oxide  of)      -- 
zinc  with  sulphuric  acid, ) 

3006 
Dtdwi— 

Heat  consumed  in  decomposing  sulphate  of  1 

oxide  of  copper, (      ^  ' 

Heat  consumed  in  decomposing  the  oxide  of  1     ^   ,^ 

copper, J 

1587 
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This  is  less  than  one-tenth  of  the  total  energy  developed  by  burn- 
ing one  lb.  of  carbon. 

II.  Energy  developed  by  the  solution  of  one  lb.  of  zinc  in  Smee's 
battery,  the  liquid  in  the  cells  being  dilute  sulphuric  acid — 

British  thermal 
units. 
Heat  produced  by  the  combination  of  zinc  with  )  ^ 

oxygen  and  sulphuric  acid,  as  before, j      ^ 

Deduct — 

Heat  consumed  in  separating  water  from  sul- ) 

phuric  acid  (about) j 

Heat  consumed  in  decomposing  water, 1 906 

2106 


900 
900  X  772  =  694,800  foot-lbs.  per  lb.  of  zinc. 

This  is  about  one-sixteenth  part  of  the  energy  developed  by  burn- 
ing one  lb.  of  carbon. 

395.   Conpnmtlvc  Cost  of  Worktaig  Bl«clr*-nui9ttetic  Kngjtmtm  and 

Heat  Evgtiica. — It  is  certain  that  the  efficiency  can  be  made  to 
approximate  much  more  nearly  to  unity y  the  limit  of  perfection,  in 
electro-magnetic  engines  than  in  heat  enginea  At  present,  how- 
ever, the  ratio  of  their  efficiencies  can  only  be  roughly  estimated ; 
and  it  may  be  considered  as  a  favourable  view  towards  electro- 
magnetic engines,  to  estimate  their  greatest  possible  efficiency  as 
four  tiinee  that  of  the  best  heat  engines  yet  known.  Taking  this 
into  account  along  with  the  results  of  the  calculations  in  the  pre- 
ceding Article,  it  appears  that  the  work  performed  per  pound  of  zinc 
coneumed  may  be  estimated  as  follows : — 

I.  With  solution  of  sulphate  of  copper  in  the  cells,  iV  of  the 
work  per  lb.  of  carbon  consumed  in  a  heat  engine. 

II.  With  dilute  sulphuric  acid  in  the  cells,  iV  =  i  of  the  work 
per  lb.  of  carbon  consumed  in  a  heat  engine. 

Before,  therefore,  electro-magnetic  engines  can  become  equally 
economical  with  heat  engines  as  to  cost  of  working,  their  working 
expense  per  lb.  of  zinc  consumed  must  fall  until  it  is  from  four- 
tentfts  to  one  quarter  of  the  working  expense  of  a  heat  engine  per 
lb.  of  carbon,  or  of  coal  equivalent  to  carbon. 

The  present  price  (September,  1859)  of  sheet  zinc  is  between 
fifty  and  eiaty  times  that  of  such  coaL 

It  is  evident  from  these  facts  and  calculations,  that  electro- 
magnetic engines  never  can  come  into  general  use  except  in  cases 
where  the  power  required  is  so  small  that  the  cost  of  material 
consumed  is  of  no  practical  importance,  and  the  situation  of  the 
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macbineiy  to  be  diiyen  is  such  as  to  make  it  very  desirable  to  have 
a  prime  mover  without  a  furnace. 

396.  An  BlectM-cheiiiicai  circaU  consists  of  a  battery,  with  a 
conductor  connecting  its  two  ends;  and  its  arrangement  may  be 
represented  symbolicsdly  as  follows : — 

CLZOLZCLZCLZ 


This  repi^esents  a  battery  of  four  cells,  each  cell  being  denoted  by  the 
symbol  C  L  Z.  Z  denotes  a  plate  of  zinc,  the  substance  to  be  dis- 
solved ;  L  the  solvent  liquid,  containing  the  substances  that  combine 
with  the  zinc;  C  a  plate  of  copper,  silver,  or  some  such  metal  which 
has  less  aifinity  for  the  solvent  than  the  zinc  has,  and  which  adts 
merely  as  a  conductor.  The  brace  '— v^  represents  symbolically  a 
metaUic  wire  connecting  the  ends  of  the  battery.  The  chemical 
action  of  the  solvent  on  the  zinc  puts  the  entire  circuit  into  a 
peculiar  condition  described  by  saying,  that  there  is  a  eurrerU  of 
positive  dedricity  circtdaUng  through  it,  in  each  cell,  from  Z  through 
L  to  C,  and  in  the  conductor  ^-v^  from  C  to  Z:  not  that  the 
existence  of  the  so-called  electric  fluid  or  fluids  has  been  proved, 
but  that  the  use  of  terms  borrowed  from  those  which  commonly 
denote  the  motion  of  fluids  is  a  convenient  way  of  describing 
electrical  phenomena.  The  endmost  portions  of  the  conductor, 
where  it  joins  the  battery,  are  called  the  electrodes;  the  positive 
electrode  joining  C,  the  negative  Z. 

The  strength  of  the  electric  current  is  a  quantity  proportional  to 
the  weight  of  some  standard  substance  which  it  is  capable  of 
decomposing  in  an  unit  of  time.  It  is  expressed  in  units  of  such  a 
kind,  that  a  current  of  unit  strength  decomposes 

"02  grain  of  water  per  second,  or 
•0103  lb.  of  water  per  hour. 

The  strength  of  the  current  produced  by  a  given  battery  is  pro- 
portional to  the  quantity  of  zinc  dissolved  in  a  given  time  in  one 
cdL  To  produce  a  current  of  imit  strength  requires  the  consump- 
tion in  each  cell  of 

0728  grain  of  zinc  per  second,  or 
•03744  lb.  of  zinc  per  hour. 

Let  y  denote  the  strength  of  the  current;  z  the  zinc  consumed 
per  cell  per  hour,  in  Iba ;  then 
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y  = 


•03744 


.(1.) 


The  fSiAdbfihmo^v^fcTe»  of  a  battery  is  a  quantity  such,  that  when 
it  is  multiplied  by  the  strength  of  the  current,  the  product  is  the 
energy  proiduced  by  the  batteiy  in  a  given  time  (such  as  an  hour). 
It  is  proportional  to  the  number  of  cells. 

Let  My  then,  denote  the  electro-motive  force  of  one  cell,  n  the 
number  of  cells;  also,  let  E  be  the  energy  developed  per  lb.  of  zinc 
consumed,  as  stated  in  Article  394;  then 

Mny  =  En«; (2.) 

So  that 

M  =  -03744  E  =  for  Darnell's  battery,  41014 ; )       ,g  x 

for  Smee's  battery,     26013.  J  ""^  '^ 

In  these  values  of  M,  it  is  to  be  borne  in  mind,  that  the  imit  of 
force  is  one  pound  toeiglU,  and  the  unit  of  time  an  hour.  In  Pro- 
fessor Thomson's  papers,  the  unit  of  force  is  ^^  of  the  weight  of 

a  grain,  and  the  unit  of  time  a  second. 

The  heat  produced  in  a  given  time  by  a  given  current  in  the 
same  circuit  is  proportional  to  the  square  of  the  strength  of  the 
current.     That  quantity  of  heat,  then,  is  expressed  by 

Ry^; (4.) 

Where  B  is  a  quantity  called  the  resistance  of  the  circuit,  being  the 
heat  developed  in  it  in  an  unit  of  time  by  a  current  of  unit 
strength. 

The  resistance  of  a  circuit  is  the  sum  of  the  resistances  of  the 
various  parts  of  which  it  consists,  comprehending  the  plates  and 
liquid  of  the  cells,  and  the  conductor  which  completes  the  circuit. 
The  resistances  of  conductoi's  made  of  a  given  substance  are  directly 
as  their  lengths  and  inversely  as  their  sectional  areas,  or  directly  as 
the  squares  of  their  lengths  and  inversely  as  their  weights.  Let  I 
be  the  length  of  any  one  conductor  in  a  circuit,  in  feet,  whether 
solid  or  liquid;  w  its  weighty  in  lbs. ;  then 

K  =  2e|; (5> 

where  e  is  a  co-efficient  depending  on  the  material,  and  called  the 
specific  resistance  of  that  material.     Professor  Thomson  gives  values 

of  (  in  which  the  unit  of  force  is  -^^  of  a  grain  weight,  the  unit 
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of  mass,  that  of  a  grain,  and  the  unit  of  time  one  second:  to 
reduce  these  to  values  in  which  the  unit  of  force  is  one  pound 
weight,  the  unit  of  mass,  that  of  a  pound,  and  the  unit  of  time 
one  hour,  they  are  to  be  multiplied  by 

3600 

82-2  X  49000000  ' 

The  following  are  examples  of  the  results  of  that  reduction  for 
temperatures  of  50**  Fahrenheit : — 

Copper  wire, ^  =  from  176  to  128. 

Mercury, ^  =  10,356. 

When  the  circuit  produces  no  chemical  decomposition  out  of  the 
cells,  no  magnetic  induction,  and  no  mechanical  or  other  external 
work,  the  whole  of  the  energy  developed  by  the  chemical  action  in 
the  ceUs  takes  the  form  of  heat  in  different  parts  of  the  circuit 
This  fact  is  expressed  by  the  following  equation : — 

Ew«  =  Mny=Ry2; (6.) 

one  of  the  consequences  of  which  is  the  following : — 

*  =  -^' (7) 

or,  the  strength  of  the  cu/rrent  is  directly  as  the  electro-motive  force  and 
inversdy  as  the  resista/nce  of  the  circuit;  being  the  celebrated  prin- 
ciple known  as  "  Ohm's  Law." 

Another  consequence  shows  the  rapidity  of  chemical  action  in  a 
given  circuit,  viz. : — 

M  71  y  _  M*  n* 

""^^-W--  ER" (^•> 

397.  BflcieBC7  of  Electr*-Hao«tl«  Eagtnea, — Equations  1,  2,  3, 
4,  and  5  of  Article  396  are  applicable  to  all  electro-chemical  circuits 
whatsoever.  Equations  6,  7,  and  8  are  applicable  only  to  an  idle 
battery,  as  it  may  be  called,  in  which  all  the  energy  is  spent  in  pro- 
ducing heat  in  the  materials  of  the  circuit. 

An  electric  circuit  may  move  mechanism  against  resistance,  and 
so  perform  mechanical  work,  in  three  ways. 

I.  By  the  mutual  attractions  and  repidsions  of  currents,  or  of 
parts  of  one  current  Currents  in  the  same  direction  attract,  and 
currents  in  contrary  directions  repel  each  other.  This  method  has 
been  used  in  philosophical  apparatus  only. 

II.  By  the  attractions  and  repulsions  between  currents  and  per- 
manent magnets.     A  magnet  placed  with  its  south  pole  towards  the 
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eye  of  the  spectator  attracts  currents  whose  direction  is  that  of 
right-handed  revolution  relatively  to  its  axis,  and  repels  those 
whose  direction  is  that  of  left-handed  revolution. 

III.  By  the  attractions  and  repulsions  between  temporary  and 
permanent  magnets.  A  conductor  coiled  round  a  soft  iron  bar, 
when  a  current  is  sent  through  it,  magnetizes  the  bar  in  that  direc- 
tion which  makes  it  attract  the  current,  according  to  the  principle 
stated  above  under  head  11. ;  when  the  current  ceases  the  magnetism 
oeases ;  when  the  current  is  reversed  the  direction  of  the  magnetism 
is  reversed.  Opposite  poles  of  magnets  attract,  similar  poles  repel 
each  other;  so  that  by  periodically  reversing  the  tempoiury  mag- 
netism of  a  soft  iron  bar,  it  may  be  made  to  take  a  reciprocating 
motion  towards  and  from  a  permanent  magnet 

lY.  By  the  mutual  attractions  of  temporary  magneta 

The  efficiency  of  the  engine  in  all  those  cases  is  governed  by  two 
principles :  1.  The  performcmce  ofeoUemal  vx/rk  by  cm  dedric  circuit 
produces  a  counteractive  /orcCy  opposing  the  electromotive  force,  whose 
magmiude  is  eqiud  to  the  external  toork  performed  in  an  unit  oftima 
divided  by  the  strength  of  tJie  current. 

Let  U  be  the  external  work  performed  in  an  hour  by  the  engine. 
This  gives  lise  to  a  certain  counteractive  force,  which  causes  the 
current  to  be  of  less  strength  than  that  which  the  battery  produces 
when  idle.  Let  y  be  the  strength  of  the  current  in  the  idle  circuit, 
as  given  by  equation  6  of  Article  396 ;  and  y'  the  strength  when  the 
work  U  is  performed  per  hour.     Then  the  counteractive  force  is, 

and  the  strength  of  current  7'  is  the  same  as  if  the  electromo- 
tive force,  instead  of  being  M  n,  were  M  n -, ;  that  is  to  say, 


y 

This  principle  might  be  deduced  as  a  consequence  from  the  law 
of  the  conservation  of  energy;  for  multiplying  equation  1  by  y'  B, 
and  transposing,  we  find, 

I7  =  M»y'— Ry'«; (2), 

which  expresses,  that  the  useful  work  of  the  engine  is  the  excess  of  the 
whole  energy  devdopedin  Uie  battery  M  n  y\  above  the  energy  wasted 
in  producing  heat  By'*. 

2.  A  second  principle  is,  tJiat  the  attractions  omd  repuf'^ifyns  pro- 
duced by  a  given  circuU  and  apparatus  arranged  t«  ^^  f  %^  ^V 
are  proportional  to  t/te  square  of  the  strength  of  th^  current  V.^-  »a^  ^la- 
covei-ed  by  Mr.  Joule);  so  that  we  may  make 

2  N 
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U«Ay^ (3.) 

where  A  is  a  factor  depending  on  the  apparatus  used.    Hence 
equation  2  becomes 

Ay'«  =  Mny'--Ey'« (1) 

Divide  hj  y'  and  transpose;  then 

■        ^*»       (5.) 


y  s= 


A  +  R' 


Hence  are  deduced  the  following  expressions:— 
Por  the  rapidity  of  the  chemical  action, 


nz^ 


Mwy' 


M«n« 


For  the  useful  work, 


"ST"      E(A  +  Ky 


(6.) 


U=5 


AM«n^ 


W+W' 


.(7.) 


For  the  ^ffideney  of  At  engine. 


y— y 


MnV    Mn     A  +  B 


(8.) 


From  which  it  appears  that  the  efficiency  of  the  engine  approxi- 
mates towards  unity  as  the 
factor  A  increases;  but  at 
the  same  time  the  abdoliUe 
work  performed  diminishes 
without  limit 

398.  BotattBg  ]>lsc  Ea- 
give. — This  machine,  the 
simplest  of  all  electro-mag- 
netic engines,  but  hitherto 
used  in  the  lecture  room 
only,  is  the  result  of  a  dis- 
I  covery  of  Arago*s.  In  fig. 
174,  N  and  S  are  the  north 
and  south  poles  of  a  per- 
manent magnet,  so  shaped 
as  to  approach  very  near  to 
the  two  hces  of  a  copper 
disc  D,  near  its  lower  edge ;  that  disc  turns  on  an  axis  A,  whose 
bearings  (not  shown  in  the  figuro)  must  rest  on  inai^Uting  supporta 
The  lower  edge  of  the  disc  between  the  poles  of  the  magnet  dips 


Fig.  178. 


Fig.  174. 
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into  a  eup  M,  ooAtaining  mercuiy.  C  and  Z  are  oonductmg  wires, 
connecting  respectavelj  the  axis  of  the  disc  and  the  mercury  in 
the  cup  with  the  deistrodes  of  a  galvanic  battery.  By  the  ar- 
rangement shown  in  the  figure,  an  electric  current  is  made  to  pass 
from  the  positive  electrode  to  the  axis  of  the  disc ;  thence  through 
the  disc  to  the  mercury,  and  thence  to  the  negative  electrode  of  the 
battery.  The  action  of  the  poles  of  the  magnet  on  the  disc  is  shown 
by  the  diagram,  fig.  175.  S  is  the  magnet,  with  the  south  pole 
exposed  to  view;  the  arrow  head  on  the  circle  isdiows  the  direction 
of  the  revolving  current  to  which  the  magnet  is  equivalent  A  B 
and  A  E  are  two  portions  of  the  current  in  the  disc,  from  the  axis 
to  the  mercury.  According  to  the  principle  that  currents  in 
the  same  direction  attract  each  other,  and  currents  in  opposite 
directions  repel  each  other,  the  magnet  attracts  A  B  and  repels  A  E, 
and  so  keeps  up  a  continuous  rotation  of  the  disc  in  the  direction 
B  E.  The  direction  of  rotation  can  be  reversed  by  reversing  the 
current;  that  is,  by  connecting  A  with  Z  and  M  with  C. 

399.  B«iatiaf  Bar  Eagtee. — ^This  machine,  the  invention  of  Mr. 
Webster,  is  shown  in  ^.  176.  N  S,  N  S, 
are  two  semicircular  permanent  magnets 
fixed  within  a  frame  of  brass  or  other  dia- 
magnetic  material,  and  having  two  gaps 
between  their  pairs  of  contiguous  poles, 
which  are  similar,  as  indicated  by  the 
letters.  M  is  a  mercury-cup  of  non-con- 
ducting material  on  a  pedestal;  it  is 
divided  into  two  parts  by  a  diametral 
non-conducting  partition^  in  the  plane  of 
the  permanent  magnets,  as  shown  in  fig.  Fis  176 

177.     In  the  centre  of  the  cup  stands  a 

pivot,  on  which  rotates  the  horizontal  soft  iron  bar  A  B;  the  two 
arms  of  that  bar  are  encircled  by  the  two  portions  of  a  long  coil  of 
conducting  wire.  The  two  ends  of  that  coil  dip 
into  the  two  halves  of  the  mercury  cup,  which 
halves  are  connected  with  the  electrodes  of  a  battery 
by  the  wires  C  Z.  The  ends  of  the  soft  iron  bai 
pass  between  the  poles  of  the  permanent  magnet,  so 
as  to  come  very  near  them,  but  not  to  touch  them. 
To  produce  rotation  in  the  direction  indicated  by  the  arrow,  the  coil 
round  the  bar  A  B  is  so  arranged  that  when  the  end  A  is  moving 
from  S  S  to  N  N,  and  the  end  B  from  NN  to  SS,  Aisa  south 

pole,  and  B  a  north  pola     Then^l  is  {  ^tracted  {  ^^  ®  ^' *^^ 
l^^^^^jbyNK     At  the  instant  that  the  ends  of  the  bar 


Fig.  177. 
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pasB  the  poles  of  tte  permanent  majfneta,  the  ends  of  the  coil  pam 
over  the  ifiametiul  partition  into  the  opposite  halves  of  the  mercuiy 
cup;  the  current  through  the  coil  ia  revereed,  and  reversea  the 
magaetism  of  A  B,  and  uie  attractions  and  repulsions  between  its 
polea  and  those  of  the  permanent  magnets;  and  so  the  rotation  is 
kept  up.  To  reverse  the  rotation,  the  connections  between  the 
lulvea  of  the  metcury-cup  and  the  electrode  are  reversed, 

400.  The  PiiiB|«r  BngiBs,  invented  by  Mr.  Frument,  and  made 
by  Mr.  Bourbouae,  is  represented  in  figures  178,  179,  and  180. 


Fg.  178. 


It  is  now  used  to  a  consideisble  extent  in  France,  for  driving  small 
machines  in  places  where  it  would  be  inconvenient  to  have  a  steam 
engine  with  its  furnace  and  boiler.  It  beara  some  analogy  in  its 
form  and  arrangement  to  a  steam  engine  with  fonr  cylinden^ 
pistons,  slide  valves,  beam,  crank,  and  eccentric. 

Fig.  178  is  a  side  elevation ;  Cg.  179,  an  end  view,  showing  two 
of  the  CTlinders;  fig.  180,  a  plan  of  the  four  cylinders. 

A  A,  B  B,  are  four  soft  iron  hollow  cylinders,  enveloped  in  coils 
of  conducting  wire  j  C  C,  D  D,  are  horse-shoe  magnets,  each  of 
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■which  is  so  ahajwd  that  its  ends  form  a  pair  of  cylindrical  plungers, 
moving  op  and  down  in  the  hollow  cylinders,  with  juat  freedom 


enough  to  prevent  contact ;  H  G  F  E  is  the  beam,  from  which  tlie 
magiietic  plungers  are  hung ;  F  its  centre ;  H  K  the  connecting 
rod^  K  L  the  ciant;  L  the  shaft  and  eccentric.     The  shaft  carries 


andftof  metal ;  edo,  conductingwirefrom  the  metallic  part  6of  the 
slide  to  the  negative  electrode ;  p,  conducting  wire  from  positive  elec- 
trode ■  <f  ™  conductors  from  p  to  the  coil  round  A  A ;  rm,  condnc- 
tora  from  p  to  tlie  coil  round  B  B;  g,  conductor  from  the  oppoate 
end  of  the  coilround  A  A,  t«rminating  in  the  springe,  which  presses 
on  the  slide  aba;  A,  conductor  from  the  coil  round  B,  terminating 
in  the  spring/,  wliich  preaBeu  on  the  slide  aba.  The  reciprocating 
motion  of  the  slide  establisheB  the  electric  circuit  through  the  coils 
round  A  A,  and  round  B  B,  alternately,  asd  thus  magnetizes 
alternately  those  two  pwrs  of  hollow  cylinders,  which  attract 
alternately  the  two  paira  of  magnetic  plungers,  C  C,  D  D,  and 
(rive  a  reciprocating  motion  to  the  beam,  and  a  rotatory  motion  to 
the  shaft. 
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No.  1. — ^Pabt  I.,  Chaptkb  IV. 

The  Herae-Powvr  Ba«lB«  is  one  in  which  a  horse,  while  pressing  with 
his  shoulders  against  a  collar  attached  to  the  frame  of  the  engine,  drives 
backwards  with  his  feet,  by  the  action  of  walking,  an  endless  travelling 
roadwav,  from  which  motion  is  communicated  to  machinery.  The  action 
of  the  horse  is  ezactlv  amilar  to  that  of  a  horse  drawing  a  vehicle ;  and 
his  tractive  force  and  aaHy  work  are  probably  the  same. 

This  kind  of  enffine  was  invented,  and  fint  constructed  and  tried  for 
the  purpose  of  traction  on  Railways,  at  a  speed  exceeding  the  most  efficient 
speed  of  the  horse,  by  Mr.  H.  Brandreth  of  Liverpool,  in  1829.  (See 
Wood  On  Railroads^  edition  of  1831,  page  804).  Its  use  as  a  railway 
locomotive  engine  was  immediately  abandoned ;  but  it  is  now  employed 
with  jrreat  convenience  and  advantage  in  America,  for  driving  portable 
saw-miUs  and  fiurmin^  machines ;  and  is  thus  described  bv  Mr.  Whitworth, 
in  his  Report  on  the  liew  York  Industrial  Exhibition  of  1853,  chapter  v., 
article  26 : — ^*  It  ...  .  consists  of  a  stout  frame,  supporting  a  railway 
*'  about  7  feet  long,  on  which  run  the  rollers  of  an  endless  travelling  plat- 
*^  form.  The  axles  of  the  rollers  are  of  iron,  f  inch  diameter,  stretcning 
**  across  the  rails,  and  are  connected  together  by  a  series  of  links,  each  about 
*^  12  inches  long,  so  as  to  form  an  endless  chain,  which  passes  over  a  fixed 
'^  segment  at  one  end,  and  the  chain-wheels  at  the  other.  The  travellinj 
**  platform  is  made  by  planks  of  wood,  about  12  inches  broad  and  1; 
**  inches  thick,  fastened  transversely  to  the  endless  chain.  It  is  indinec 
^^  at  an  angle  <^  about  7^  to  the  norizontal  line,  and  the  horse  being 
*^  placed  on  the  platform,  pushes  it  backwards  from  under  him,  which  causes 
^*  the  chiun-wheels  at  ih&  end  of  the  frame  to  revolve ;  and  the  motion 
^^  thus  obtained  is  conveyed  to  the  circular  saw,  or  other  machine  re- 
**  quired  to  be  driven.  Siome  horse-power  machines  are  made  to  admit 
**  two  horses  abreast.** 

No.  2.— Articles  292,  293.  . 

Bflcieacy  of  Pr»pcll«n.— This  subject  cannot  be  discussed  except  in 
a  treatise  on  the  forms  of  ships.  In  the  present  work,  all  that  can  be  done 
is  to  give  a  bridf  summary  or  the  leading  principles. 

The  efficiency  of  a  propeller  b  the  ratio  of  the  work  performed  in  a 
given  time  in  driving  the  ship,  to  the  work  performed  by  the  engine  in 
movinff  the  propeller.  (A  pair  of  paddles  is  to  be  held  to  constitute  one 
propeller).  The  difference  between  those  two  quantities  is  the  energy 
exerted  by  the  propeller  in  giving  motion  to  the  water. 

Let  Rx  represent  at  once  the  resistance  of  the  water  to  the  motion  of 
the  ship,  and  the  pressure  exerted  directly  backwards  by  the  propeller 
against  the  water  m  lbs.,  these  two  forces  being  equal  when  the  velocity 
of  the  ship  is  uniform. 
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Lei  V  be  the  udoeity  of  the  ship  in  feet  per  second ;  g^  the  accelerating 
effect  of  gravity  in  a  second  =  82*2 ;  Wy  the  wei^t  of  a  cnbic  foot  of 
water  s=  m>m  62*4  to  64  lbs. ;  A,  a  multiplier,  which  depends  mainly  on 
the  dimeoiiions  and  fiffore  of  the  ship,  and  wldch,  diougn  not  absolutely 
constant  at  different  mociti€»9  is  nearly  constant  throughout  the  ordinary 
variations  of  speed  of  one  given  steamer ;  then  the  resistance  of  the  ship 
may  be  thna  expressed : — 

K'^^"^ a> 

Let  y  +  S  be  the  backward  vdocity  of  the  propeller,  relatively  to  (he 
Mp^  in  &et  per  second ;  that  is — 

T  4-  S  =  revolotioQs  per  second  X  circumference  of  paddle 
through  centres  of  action  of  floats  (which  centres  are  at  the 
middle  of  feathering  floats,  and  about  ^  of  the  breadth  flrom 
the  outer  edgee  of  ued  floats). 

y  -f  S  ss  revolutions  per  second  X  pitch  of  screw. .  8  is  called  the 
^^  s/tp**  of  the  propeller,  and  its  value  for  paddles  ranges  from  (  y  to  |  y, 
and  fer  screws  from  -^  y  to  y . 

Let  c  8  be  the  velocit  v  of  tiie  current  driven  directly  backwards  by  the 
propeller,  whether  padme,  screw,  or  jet,  or  of  any  other  kind. 

Let  a  be  the  sectioiud  area  of  the  space  in  wnich  the  propeller  acts ; 
that  is,  the  area  of  one  pair  of  paddle-floats,  or  of  the  screio-duc,  or  of 
the  jet,  as  the  case  may  oe.  Then  the  force  exerted  directly  backwards 
by  the  propeller  against  the  water  is  nearly— 

3^^caH,S(V+S)^ (2  J 

Equaling  the  expressions  1  and  2,  we  find, 

8  (y  -f  8)  _    A 

V^        -  27i' ^^^ 

The  work  performed  per  second  in  propelling  the  ship  is  Ri  y ;  the 
work  performed  by  the  engine  in  driving  the  propeller,  Bi  (y  +  8).  It 
appears,  then,  that  tiie  efficiency  of  the  propeller  is — 

(4.) 


V  +  8 


The  coefficient  e  depends,  for  paddles,  on  the  figure,  number,  arrange- 
ment, and  manner  of  moving  of  the  floats;  for  screws,  on  the  number, 
arrangement,  br^td^  form,  pitch,  and  depth  of  immersion  of  the  blades, 
and  aUo  on  the  figure  of  the  vessel,  accordmg  to  laws  which  have  not  yet 
been  fiilly  ascertamed.    The  following  are  some  of  its  values: — 

For  featheringpaddles  with  plate  iron  floats, nearly  1 

For  various  diflerent  screws, ...firom  0*5  to  0*8 

To  exempl^  the  influence  of  the  efficiency  of  the  propeller  upon  the 
resultant  emdency  of  tiie  whole  combination  of  furnace,  boiler,  cylinder, 
mechanism,  and  propeller,  the  case  may  be  referred  to,  which  has  been 
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taken  as  an  example  in  Article  293,  and  as  Example  L  in  Article  289. 
In  the  articles  dted  it  is  shown,  that 

the  efficiency  of  the  furnace  and  boiler  was, 0*542; 

the  efficiency  of  the  steam, 0'128; 

the  efficiency  of  the  mechanism,  r^-r?  (see  page  427), 0.81 ; 

19*15 

and  the  efficiency  of  the  propeller  (a  pair  of  plate  iron  feather-)     Q.i.o . 

ing  paddles)  was  found  to  be. , )  * 

consequently, 

resultant  efficiency  of  mechanism  and  propeller,      0*78  X  0*81  =  0*68 ; 
resultant  efficiency  of  combination,  0*542  X  0*123  X  0*63=:  0*042. 

Then  an  cases  in  which  the  pncedbg  fonniilas  nqnin  to  he  oonsidenhly  mo£ 
fled,  Booh  as  that  in  which  a  screw  propeller  works  in  the  mass  of  water  that  is 
drageed  after  a  hlnff-stemed  ship.    (See  Watts,  Bankine,  Napier,  and  Barnes,  on 
Shipboilding;  also  Trantadiom  of  the  Institution  of  Naval  Ankitedi,  1865,  p.  18.) 

No.  3.— Articles  297,  298. 
SapcrliMuedl  fliMiai  EagtsM. — According  to  recent  experiments  on  the 
large  scale,  by  Mr.  Penn,  upon  marine  engines,  which  he  lately  fitted 
with  superheating  apparatus,  about  20  per  cent  of  fuel  was  saved  by 
superheating  steam,  at  a  pressure  of  20  lbs.  per  sauare  inch  above  the 
atmosphere,  to  the  extent  of  100^  Fahr.--See  Trana.  InsL  Mech.  Eng.,  1859- 

No.  4. — ^Arttclk  387. 
The  Cowater  wmd  l«4icat«r  should  have  been  included  amongst  the  ap- 
pendages of  steam  engines.   The  counter  (invented  by  Watt,  and  improved 
Dy  others)  records  on  dial-plates  tJie  number  of  strokes  made  by  the  en^e. 

No.  5. — ^Article  844. 
E^ailibfiaai-Piaioa  tmr  Slide  Talve. — ^Mr.  Boume  balances  partially 
the  pressure  on  the  back  of  the  slide-valve  by  connecting  it,  through  a 
link,  to  a  piston  in  a  very  short  cylinder  at  the  back  of  the  valve-chest,  the 
area  of  the  piston  being  a  little  less  than  that  of  the  valve. 

No.  6. — ^Ai>DEin>A  TO  Table  II. 
Values  of  y  =  K,  -T-  K^    Air,  1-408 ;  Oxygen,  1-4 ;  Hydrogen  1*418 ; 
Nitrogen,  1*409;  Steam-gas,  1-304.*     Ice,  I).  ==  57*5:  S.  G.  =  0-92: 
C  =  0-604;  Kx=S89. 

No.  7. — Densitt  of  Steam. 

Experiments  by  Mr.  Fairbaim  and  Mr.  Tate  compared  with  theory :— - 

Ratio  of  Tolnme  of  Steam 


Batto  of  TOInme  of  Steam 

Temp.  to  Tolome  of  Water. 

Fahr.  Bt  Theory.        By  Exper. 

186*>88  8276               8262 

160016  4790              4911 

171*65  8722               8710 

176-15  8433               8426 

182-32  2960               8045 

18809  2630               2621 

197-48  2180              2147 


Tempi  to  Tolnme  of  Water. 

Fahr.  ""    ~ 

244 

245 

267 

262 

268 

270 

288 


Bj  Theory. 

ByJExper. 

986 

896 

920 

890 

756 

751 

698 

684 

635 

688 

616 

604 

606 

490 

No.  8. — GiFFABD^s  Feed  Appabatus  fob  Boilebs 
is  a  jet  pnmp  driven  by  a  steam  jet.    Diameter  of  narrowest  part  in 

Inch     —  A  /  /         cubic  feet  feed  water  per  hour         ) 
^/     I  6i$0  V  pressure  of  steam  in  atmospheres  /  * 


TABLES. 


L-*Tabub  of  Hhqhts  dub  to  YELOCfiTngsL 


EXPLANATIOir  OF  SYHBOI& 


f 


*  -=  Velocity  in  feet  per  ae«ond. 
.  =1  Height  in  feet  =  v'  ~  64*4. 

This  table  is  exact  for  latitude  54*1,  and  near  enough  to  exact- 
ness for  practical  purposes  in  all  parts  of  the  earth's  surface. 
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k 

9 

k 

V 

k 

I 

^1553 

27 

11-320 

54 

45-280 

3 

X>62II 

28 

12-174 

56 

48695 

3 

•13975 

29 

13-059 

58 

52-235 

4 

•24845 

30 

13-975 

60 

55-901 

5 

•38820 

31 

14-922 

62 

59-688 

6 

•55901 

32 

15901 

64 

63-602 

7 

•76087 

32-2 

16-100 

64-4 

64-400 

8 

•99379 

33 

16-910 

66 

67-640 

9 

1-2578 

34 

17-950 

68 

71-800 

xo 

15528 

35 

19*022 

70 

76x>87 

II 

18789 

36 

20-124 

72 

80-496 

12 

2-2360 

37 

21-257 

74 

851029 

13 

2*6242 

33 

22*422 

76 

89*688 

14 

3*0435 

39 

23-618 

78 

94472 

15 

3*4938 

40 

24-845 

80 

99379 

i6 

3-9752 

41 

26-102 

82 

104-41 

17 

44876 

42 

27-391 

84 

109-56 

i8 

5-0311 

43 

28*711 

86 

114-84 

19 

5-6056 

44 

30-062 

88 

120*25 

20 

6*2112 

45 

31-444 

90 

125-78 

21 

6-8478 

46 

32857 

92 

131-43 

22 

7-5155 

47 

34-301 

94 

137-20 

23 

82143 

48 

35-776 

96 

143-10 

24 

89441 

49 

37-283 

98 

149-13 

25 

9-7050 

50 

38-820 

too 

155-28 

26 

10*497 

52 

41-987 
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III 
Tablb  of  ths  Elasticitt  of  a  Pebfect  Oa& 


EXFLANATIOir  OF  SYMBOLB. 

T. — ^TempeTature,  measured  from  the  ordinary  zero. 

t — ^Absolute  temperature,  measured  from  the  absolute  zero. 

P. — Pressure  of  a  perfect  gas  in  pounds  avoirdupois  on  the  square 
foot. 

V. — ^Volume  of  one  pound  avoirdupois  in  cubic  feet. 

PY. — Product  of  these  quantities  at  any  given  temperature. 

PoYo. — ^Yalue  of  that  product  for  the  temperature  of  melting  ice. 


Centignde. 

FahnnheiL 

PV 

T 

i 

T 

i 

PoVo 

-30" 

244" 

-22'' 

4392 

0*8905 

-25 

—  30 

240  ....... 

—  iq  . 

448-2  

457*2 

0*9088 

0*9270 

^ty   ••••••• 

254 

•  ••••   *o  • 
-  4 

-IS 

259 

+  5 

466*2 

09453 

—  10 

264 

14 

4752 

09635 

-  5 

269 

23 

484-2 

0*9818 

0 

274 

279 

32  . 

41 

4.0^*2  

I  'QOOO 

+  5 

........  tf.y^  m 

502*2 

1*0182 

10 

284 

50 

5H'2 

1 0365 

15 

289 

59 

520*2 

1-0547 

30 

294 

68 

529*2 

1*0730 

»5 

299 

77  . 

5382   

1*0912 

30 

304 

86 

547-2 

1*1095 

35 

309 

95 

556-2 

1*1277 

40 

314 

104 

565-2 

1*1460 

45 

319 

"3 

574-2 

1*1643 

50 

55 

Q2J.  ....... 

•  ....•••122  . 

5832  

592-a 

11825 

I  *2007 

O^T  ••••••• 

329 

131 

60 

334 

140 

601*2 

1*2190 

65 

339 

149 

610*2 

1-2373 

70 

344 

158 

619*2 

1-2555 

ijti 

349 

354 

167  . 

176 

628*2  

1*27^8 

80 

637*2 

••••••  *  •/  0^ 

1*2920 

85 

359 

185 

646*2 

I  3103 

90 

364 

194 

655-2 

1-3285 
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Gai%idfl.                                       Fahrenheit.  ^'V 

T                      <                              T                      1^  P^ 

95**                369*                      303*               6647  1-3468 

100 374 212 673-2  I'S^So 

105                      379                               221                      682-2  13832 

no       384         230      691-2  i'40i5 

115       389         239       700-2  i'4i97 

120      394         248       709-2  1*4380 

135 399 «57 718a  1-4562 

130       404         266       7272  1-4744 

135       409         275       736-2  1-4927 

140       414         284       745-2  1-5109 

M5      419         293      7542  15292 

150 424 302 7632  1-5474 

155      429         3"      7722  1.5657 

i6o      434         320      781-2  1*5839 

165      439         329      790-2  1-6022 

170      444         338      799-2  1-6204 

175 449 347  808-2  1-6387 

180       454         356       817-2  16569 

185       459         365       8262  1-6752 

190       464         374       835-2  1-6934 

195       469         383       8442  1-7117 

200 474 392 8532  ^-7299 

205      479         401      862-2  1-7481 

210      484         410      871-2  1-7664 

215       489         419       88o-2  1-7846 

220       494         428       889-2  1*8029 

230       504         446       9072  1-8394 

240       514         464       925-2  1-8759 

250 524 482 9432  1-9124 

260       534         500       961-2  1*9489 

270       544         518       979-2  1-9854 

280       554         536       9972  2-0219 

290       564         554      1015-2  2-0584 

300 574 572 1033-2  2-0949 

310      584         590      X05I-2  2-1314 

320      594         608      1069*2  2*1679 

330      604         626      1087-2  2*2044 

340      614         644      1005-2  2-2409 

350 624 662 1123-2  2-2774 

360      634         680      1141-2  2-3139 

370      644         698      1 159-2  23504 

380      654         716      1177-2  2-3869 


658 


ZLAJSmom  OF  A  PERFBCT  OA& 


Centfgnidai 


390^ 
400 

410 

420 

430 
440 

450 
460 

470 

480 

490 

500 

520 

540 

560 
580 

600 

620 

640 

660 

680 

700 

720 

740 

760 

780 

800 

820 

840 

860 

880 

900 

920 

940 

960 

980 

1000 


664'' 

674. 
684 

694 

704 

714 

7^4. 

734 

744 

754 
764 

774. 

794 

814 

834 

854 

874- 
894 

914 

934 

954 

974 

994 
:oi4 

034 

054 
:o74  . 

[094 

H4 

134 

154 

174. 
194 

214 

234 

254 

274  . 


Fahxenheit. 

T  i 

13^  "95*2 

752 1213-2 

770  1231*2 
788  1249*2 
806  1267*2 
824  1285-2 
842  I303'2 


860 
878 
896 
914 

932 

968 
1004 
1040 
1076 


1321*2 
1339-3 

1357-2 
1375-2 

i393'« 
1429*2 

i465'2 
1501*2 

1 537 '2 


1112 i573'2 


1 148 
1 184 
1220 
1256 
1292 
1328 

1364 
1400 

1436 


1609-2 
1645*2 
1681*2 
1717*2 

i753'a 
1789*2 

1825*2 

1861*2 

1897*2 


1472 i933'2 

1508  1969*2 
1544  2005-2 
1580  2041*2 
1616      2077*2 

1652 2113*2 

1688  2149*2 

1724  2185*2 

1760  2221*2 

1796  2257*2 

1832 2393*2 


pv 

PoVo 
2*4234 

2'4599 
2*4964 

25329 

25^93 
2*6058 

2*6423 

26788 

27153 
2*7518 

27883 

2-8248 

2*8978 

2*9708 

30438 
3*1 168 
3*1898 
3-2628 

33358 
34088 

3-4818 

3  5547 
3*<5277 

37007 

37737 
3*8467 

39197 

39927 
40657 

4-1387 
4-3117 

42847 

4-3577 

44307 

4-5036 
4-5766 

4-6496 
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Absolutk  temperatnrB  (lee  Tempeiitiire) , 

Abaolate  mto,  228. 
Aoodenting  effort,  88. 
Aoodention,  18. 
Actual  cnerpf ,  85. 
Adhesion  ofTocomotiTeB,  528. 
AdUbatic  lines,  802,  819. 

for  air,  845. 

for  steam,  388. 
JEther  (see  £ther> 
Air  engines,  845. 
Air  engine,  perftct,  847,  862. 

temperature  changed  at  constant  pres- 
sure, 854. 

tempentoze  changed  at  oonstant  Tolnme, 

heattransfenedatoonstant  pressDre,  871. 
Air,  expanaon  and  elasticity  of,  229. 

forfhmaoes;  snppl  ▼  and  distribation  of, 
280,  281,  285,  &1. 

flow  of,  824. 

passages,  459. 

thermal  lines  for.  845»' 

thennodynamio  nmction  for,  846. 

thermodTnamio  properties  of,  818, 819. 

▼es8els,i48. 
Air-pump,  482,  508. 

pump  yalves,  128. 
Angular  motion,  3. 

velodtj,  4. 
Animals,  power  of,  81. 
Anthracite,  275  (see  Fuel). 
Ash,  274. 

pit,  450,  458. 
Asses,  work  of,  89. 
Atmospheric  pressoie,  109,  225. 
ATaOable  heat  of  oombustion  (see  Com- 
bustion). 
Axis,  permanent,  27. 
Axles,  strength  of,  75,  78,  79. 

Back  pressure  (see  Steam,  Back  Pres- 
sure of). 

Backwater  of  mill  pond,  151. 

Bafflers,  261,  451. 

Balance  of  centrifugal  forces  and  couples, 
27. 
of  effort  and  resistance,  81. 

Ball  dafik,  120. 


Ban,  Btrength  of,  66. 
Battery,  gammic,  542. 
Beam  of  steam  engine,  482, 510. 
Beams,  strength  of,  75. 
Binary  vapour  engines,  444. 
Bituminous  unguents,  16. 

ingredients  of  fneL  278. 

coal,  275  (see  Fuel). 
Bhut  pipe,  218,  285,  288, 481,  631. 
Blind  coal,  265  (see  Fuel). 
Blow  through  Tuve,  481. 
Blowing  apparatus  for  furnaces,  282,  290, 

451,  459. 
Blowing  off  apparatus,  458,  464,  521. 

in  locomotives,  580. 
Boiler,  psrts  and  appendages  of,  451. 

heating  surface  of  (see  Heating  Surface). 

horse-power  of  (see  Nomiiuu   Horse- 
power). 

room,  4c2. 

shdl,  451,  459. 

sUys,  69,  455,  459. 
Boilers,  efficien<7'  of,  290. 

and  romaoes,  general  arrangements,  419. 

examples  o^  469. 

strength  of,  67,  70,  459,  466. 
Boiling  points,  225, 285,  287, 241. 

resistance  to,  of  brme,  242. 
Bolts,  strength  of,  66, 69,  7L 
Brakes,  52. 
Breast  of  a  water  wheel,  184 

wheels,  high,  160, 177. 

wheels,  low,  161. 
Bridge  of  furnace,  450,  452. 
Brine,  boiling  points  of,  242. 

bk>wing  off,  458, 464. 

pumps,  458,  464. 
Bucket  hoist,  105. 

Buckets  of  water  wheels,  162, 180, 188. 
Boming  (see  Combustion). 
Bursting  (see  Explosion). 
Butteif^  dack,  123. 

CALORDfKTBHS  foT  mcasuing  quantities 

of  heat,  244. 
Capacity  for  heat  (see  Specific  Heat). 
Carbon,  268,  272,  278. 
Carbonic  add  gis,  expansion  and  elasticity 

of,  229. 
add  gas,  269. 
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Carbonic  cndde,  269. 
Cataract,  486,  524. 
Centrifxigal  force,  27. 

couple,  27. 
Channel,  flow  of  water  in,  154. 
Charcoal,  274  (see  Fuel). 
Chemical  action,  energy  of,  267,  540. 
Chemnitz  (see  Schemnitz). 
Cheral,  force  de,  2. 
Chimney,  285,  288,  461,  459. 
CUcks,  117. 

compooad,  144. 

relief,  144. 
Clearance,  418. 
Clothlne  for  boilera,  455. 

for  cylinders,  481. 
Cloudy  vapour,  242. 
Coal,  275  (see  Fuel> 
Cocks,  126. 
Coke,  275  (see  Fuel). 
Cold  well,  481. 

water  pump,  481, 508. 
Collar,  leather,  128. 
Columns,  strength  of,  73. 
Combined  engines,  482. 
Combustion,  267. 

air  reauired  for,  280.    ' 

availaole  heat  of,  290. 

rate  of,  284. 

total  heat  of,  267,  270,  277. 
Compression  (see  Cushioning). 

heating  by,  819. 
Conoentnc  cylinder,  502. 
Condensation,  241. 

at  high  pressure,  412. 

of  steam  during  expansion)  385. 

surface,  265. 

water,  net,  889,  401. 

water,  total,  481,  507. 
Condenser,  481,  507. 

surface,  481,  509. 
Condensing  engines,  478. 
Conduction  of  heat,  257. 

in  cylinders,  421. 
Conical  valve,  118,  485. 

divided,  120. 
Connecting  mechanism  of  steam  engmes, 

rod,  482. 

rods,  strength  of,  74. 
Contraction  of  stream,  94^  102,  150,  156, 

824. 
Convection  of  heat,  261. 
Cooling  surface,  265. 

by  expansion,  819. 
Cornish  boiler,  472. 

pumpins  engine,  37,  528. 
Counter,  552. 

Counterpoise,  480  (see  Balance). 
Cranes,  nydraulic,  183. 


Crank,  482,  511. 

effort  on,  511. 
Cranks,  str«igth  of,  75,  79. 
Cross  breaking,  resistance  to,  75. 
Cross-heads  rnj  tails,  strength  of,  75. 
Crushing,  resistance  to,  72. 
Crust,  internal,  in  boiler  (see  Deposit) 

external,  468. 

increased  consumption  of  fuel  caused  b?, 
468. 
Current,  water  wheel  in  an  open,  188. 
Cushioning  the  fluid  in  engines,  836,  86 1. 

steam.  420. 
Cut  off  (see  Steam,  action  of). 

valve  (see  Expanuon  valve). 
Cylinder,  822,  480,  500. 

cover,  481. 

strength  of,  67,  500. 
Cylindmal  boiler,  470-474,  476. 

Dampers,  451,  455. 
Dead  plate,  282,  449,  458. 

points,  512. 
Deposit  in  boilers,  467 
Detached  itiniaoe  boiler,  279, 283, 449, 458, 

476. 
Deviating  force,  26. 
Diagram,  indicator  (see  Indicator). 
Diaphragm  valves,  126. 
Direct  acting  engines,  489,  512,  518,  520, 

525. 
Disc  and  ^vot  valve,  123. 

electro-magnetic  eneine,  546. 

steam  engine,  482,  504. 
Donkey  en^e,  464. 
Double  actmg  steam  engine,  50, 479. 

beat  valve,  120,  485, 600. 

cylinder  steam  enprine,  50, 481, 501,  608. 

furnace  boilers,  282,  473,  474,  476. 

piston  engine,  608. 
Draught  of  furnace,  285. 
Drowned  weir,  151. 
Dry  coal,  275  (see  Fuel). 
Duplex  cylinder,  502. 
Dynamometers,  40. 

Ebullttioh,  241. 
£ocentric  490. 

loose,  491. 
Economizer  (see  Regenerator). 
Eduction  valves,  480,  486. 
Effect,  10. 
E£Sciency,  86. 

conditions  of,  greatest,  in  heat-endnes, 
844. 

of  a  fall  of  water,  91. 

of  air  engines,  845. 

of  electro-magnetic  engines,  644. 

of  furnace  and  boiler,  290. 

of  mechanism,  422. 
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Efficiency  of  propdlerB,  550. 

of  stMun,  4/5  (We  also  Steun,  action  of). 

of  the  fioid  in  heat  eng^nea,  832, 842. 

of  turbines,  198. 

of  Tertical  water-wheeb,  174. 

of  windmiOs,  218. 
£nortf  80. 

Elaaticitj  of  ^ases,  229. 
Electro-chemical  drcait,  542. 
Electro-maffnetio  attractions  and  repnl- 
uons,  m4. 

bar-engine,  547. 

disc-engine,  546. 

engines,  589. 

engines,  effidencj  of,  544. 

engines,  their  cost  of  working,  as  oom- 
pared  with  heat-en^es,  641. 

plnngv-engine,  548. 
Electro-motive  force,  548. 
Energy,  actual,  85,  580. 

ana  work,  eooality  of,  32,  840. 

intrinsic,  819. 

law  of  the  transformation  of,  809,  540. 

of  chemical  action,  267,  540. 

of  heat,  299. 

potential,  82.  589. 
Eqnllibriom  valYe,  122,  486. 

slide-yalve,  489. 
Equivalent,  dynamical,  of  heat,  299. 
Equivalents,  chemical,  267. 
Escape  valve.  481. 
Ether,  formula  for,  287,  445. 

and  steam  engine,  445. 

table  for,  v.,  563. 
Evaporation,  285,  241. 

factors  of,  256. 

latent  heat  of  (see  Latent  heat)b 

measurement  of  heat  bj,  254. 

total  heat  of,  253,  827. 
Exhaust  port,  487. 
Expansion  by  the  sHde  valve,  491. 

cooling  by,  819. 

free,  822. 

latent  heat  of  (aee  Latent  heat). 

of  gases,  229. 

of  liquids,  332. 

of  solids,  284. 

valves,  480,  498,  499. 
Expansive  action  of  heat  in  fluids,  810. 

action  of  steam  (see  Steam,  action  o£^  on 
piston). 
Explosion  of  boilers,  466. 

Fall  of  water,  91. 

enei^  of,  98. 
Fan  blower,  290. 
Fan  steam  engine,  588. 
Feed  apparatus,  452,  464, 552. 

pump,  452,  464. 
Feed-water  heater,  262,  294,  588. 


Feed-water,  net,  889,  401. 

total,  464. 
Fifth  powers  and  squares,  157. 
Fire  bars  (see  Grate). 
Fire  box,  449,  452. 

strength  of,  69. 
Fire  doors,  279,  282,  4S0,  458. 
Fire,  temperature  of,  288. 
Fuing  furnaces,  281,  291. 
Flame,  278. 

chamber,  flame  bed,  450. 
Flap  valves,  122, 123. 
Flexible  tube  valves,  126. 
Flexure,  moment  of,  75. 
Float  m  boiler,  458. 
Floats  of  water  wheel  (see  Vanes). 
Flow  of  water,  measurement  of,  92. 

through  channel,  154. 

through  pipeS)  113. 
Flues,  460,  452,  461. 

strength  of,  70. 
Fluid  condition,  236. 
Fly  wheels,  59,  482. 
Foot-pound,  1. 
Frame  and  mechanism  of  engine,  strength 

of,  520  (see  Strength). 
Friction,  14. 

heat  produced  by,  18, 299. 

of  fluids,  56,  99. 
Fuel,  ineredients  of,  278. 

available  heat  of  combustion  of,  290. 

kinds  of,  274. 

rate  of  combustion  of,  284. 

supply  of  air  to,  280. 

total  neat  of  combustion  of,  272* 

waste  of,  290. 
Furnace  (see  Combustion  and  Fuel). 

and  boiler,  efiiciency  of,  290, 406,  409. 

and  boiler,  eeneral  arrangements  of,  449. 

efficiency  ol  in  air  engines,  360,  370. 

examples  of^  469. 

front,  450,  458. 

fas  engine,  874. 
eight  of,  467. 
Furnaces,  parts  and  appendages  of,  419. 
Fusible  plug,  454. 

Fusion,   temperatures   of  (see    Melting- 
points), 
latent  heat  of  (see  Latent  heat). 

Gab,  490. 

Gas,  perfect,  226,  556. 

Gases,  elasticity  of,  229,  810,  554,  556. 

flow  of.  824. 
Gasefication,  total  heat  of,  255,  827. 
Gas-engine,  448. 
Gasket,  129. 
Governors,  68,  158,  480l 
Grate,  285,  449,  455. 
Grates,  moving,  288,  457. 
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Gnvity,  19, 

Greaae,  16. 

Greaae-cod:,  481« 

Guides  for  piston  rod,  482, 512. 

Gyration,  radius  of,  2S. 

HsADofwater,  91. 
Head,  loss  of,  100. 
Hearth,  449,  457. 
Heat,  224. 
engines,  223,  882. 

engines,  action  of  fluid  on  piston,  887. 
dynamical  equivalent  of,  299. 
latent  (see  Latent  heat), 
mechanical  action  of  (see  Thezmodj- 

naniics). 
quantities  of,  243.  800. 
specific  (see  Speaficheat). 
total  actual,  805. 
transfer  of,  257. 
unit  of,  244. 
Heating  surface,  262,  298,  461. 

total  and  efiective,  462. 
Height  due  to  velocity,  21. 

table  of,  558. 
Hempen  packing,  129. 
High  pressure  steam  engines,  478. 
Hoist,  water  bucket,  105. 
Hoists,  water  pressure,  188. 
Horse  engine,  550. 
power,  2,  40,  50   (see  also  Indicated 

power), 
power,  effective,  of  steam  engine,  422. 
power,    nominal  (see   Nommal  horse- 
power). 
Horses,  work  of,  88. 
Hot  well,  482. 
Hungarian  machine,  144. 
Hydraulic  cranes,  188, 188. 
hoists,  133. 
press,  66, 129. 
press,  strength  of,  69. 
purchases,  133. 
ram,  211. 
Hydrocarbons,  as  unguents,  16. 

as  fuel,  273. 
Hydrogen,  268,  269,  272,  278. 

IcB,  melting  of,  225,  831. 
Impulse,  20. 

of  fluids,  211. 

ofwater,  163,  211. 
Indicator,  steam  engine,  47. 

friction  of,  422. 

position  of,  422. 
Indicated  nower,  50,  51,  832,  8S9,  875. 
Indicator  oia^ram,  theoretical,  875. 

diagram,  duturbances  of,  417. 
Induction  valves,  480,  486. 
Inertia,  2L 


Inertia,  moment  of,  22.. 

raduoed,  28. 
Injection  water  (see  Condensation  water\ 

valve,  481,  608.  ^ 

Intemls,  approximate  computation  of,  11. 
Isodiabatic  lines,  845. 
Isothermal  lines,  802. 

Jacket  round  steam  cylinder,  895, 481. 
Jacketed  cylinders,  action  of  steam  in  (see 

Steam,  dry  saturated)^ 
Jet  pump,  218. 
Jouraals,  friction  of,  16. 

strength  of,  75,  79. 
Junk  ring,  129. 

Keys,  strength  ef,  71. 

Kilogramm^tre,  1. 

Knot,  or  nautiod  mile,  per  hour,  9. 

Lap  of  slide  valve,  491. 

Latent  heat  of  expansion,  250, 309, 812, 819. 

heat  of  evaporation,  252,  325,  559,  563, 
664. 

heat  of  fusion,  250,  83L 
Lead  of  slide  valve,  491. 
Leather  collar,  128. 

packed  piston,  128. 
Levers,  strength  of,  75. 
Link  motion,  497. 
Liquefaction  (see  Condensation). 
Liquid  state,  235. 

water  in  cylinder,  effects  of,  895,  421. 
Liquids,  expansion  of,  232. 
Locomotive  steam  engines,  469,  528. 

adhesion  of  wheels,  628. 

air,  supply  of,  281. 

back  pressure  in,  882. 

balancing,  530. 

blast  pipe,  538. 

combustion  in,  285. 

condensing,  412. 

effidency  of  furnace  and  boiler,  203. 

examples  of,  532. 

expansion  in,  491. 

furnace  and  boiler,  449,  456,  457,  459, 
460,463. 

heating  cylinder,  396. 

link  motion,  497. 

regrolator,  485. 

resistance  of  regulator,  418. 
of  engine  and  train,  529. 

safety  valves,  465. 

smoke  burning,  282. 
Low  pressure  steam  engines,  478. 

Machine,  action  of,  1. 
Man,  work  of,  84. 

hole,  452. 
Marine  boilers,  474,  477. 

steam  engines,  479,  516,  518,  525,  688. 
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Meofauaniim  of  fteam  enguie8|  478. 

miftancfi  and  effidency  o^  422. 
Ifdtiog  (see  Fusion). 

p<»ntB,  225,  235,  251. 
Iferoariil  barometer,  preunre  gauge,  and 
Taconm  gaose,  110. 

thermometer,  238. 
If  etalUo  packing  for  pistons,  405. 
Mill  pond,  160. 

site,  91, 150. 
Modolos  of  a  machine,  89. 
Moment  of  friction,  17. 

of  motion,  21. 

ofresistanoe,  8. 

statical  8. 
Momentum,  19. 

Mouthpiece  of  fomaoe,  460, 458, 476. 
Mud  hole,  452. 
Mules,  work  of,  89. 
Multitubular  boilers  (see  Tubular  boilen). 

NoKnrAL  horse-poww  «f  ongines,  479. 

of  boilers,  478. 
Non-condensing  engines,  478,  480. 
Notch  board,  now  oyer,  93. 

Oil,  18. 

Orifice,  flow  of  water  through,  95. 
Oscillating  engines,  482,  508,  618. 
Oren,  or  deUched  fomaoe,  288, 449,  475. 
Orershot  water  wheels,  160, 177. 

wheels  at  hh^h  speeds,  185* 
Oxen,  work  off  89. 
Oxygen,  268,  278. 

Paokiho,  hempen,  129. 

leather,  128. 

metallio,  505. 
Paddle  engines,  516-520,  588. 
Paddles,  raficiency  of,  550. 
Parallel  motion,  482,  512. 
Passages,  resistance  of,  to  flow  of  steam, 

418,  485. 
Peat,  276  (see  Fue1> 
Pendulum,  rerolving,  26. 
Perioctical  motion,  87. 
Pillars,  strength  of,  78. 
Pins,  strength  of,  71. 
Pipes,  flow  of  water  through,  112. 
Piston,  action  of  water  on,  110, 128. 

of  water  en^e,  128b 

rods,  506. 

strength  of,  74. 

▼aires,  125, 141. 
Pistons  of  steam  and  other  heat  ennnes, 
832,  480,  505. 

advantages  of  long  stroke,  507. 

speed  of;  506. 
Pivots,  friction  o(  17. 


Plug  rod,  486. 

Plunger,  127. 

Pond,  mUl,  150. 

Ports,  steam,  413,  480,  485L 

Posts,  strength  of,  74. 

Potential  energy,  82. 

Power,  40. 

muscular,  81. 

ofafallof  water,  91. 

of  an  OTorshot  wheel,  185. 

of  an  undershot  wheel,  188. 

of  turbines.  193. 

of  windmilis.  218. 

(see  also  Efficiency). 
Ptess,  hydrauli^  66. 
Pressure,  back  (see  Back  pressure). 

gauges,  110, 454. 

mteosity  of,  4^ 

loss  of,  418. 

mean  eflfectire,  50,  51. 

mean  effective  in  air  engines,  858,  859, 
367,  368,  878. 

mean  eflective  in  heat  engines,  889. 

mean  eflfiKtive  in  steam  enghies,  878, 888, 
899, 401. 

various  units  of,  5, 110,  888. 
Pressures,  customary  mode  of  stating,  108, 

427. 
Prime  movers  ^^•'fi^w^i  19L 

classed,  80. 
Priminfl^  481. 
Phx>f  of  strength,  65. 
Proving  bdleis,  466. 
Pump  brakes.  66. 
Pumping  en^es,  628,  625. 

QnAirnms  of  heat,  248. 
of  heat  expressed  in  foot-pounds,  300. 

Badiatxoh  of  heat,  257. 

from  fiiel,  228, 292. 
Bam,  hydraulic,  211. 
Beaction  steam  engine,  538. 

of  water,  178. 

water  wheel,  190, 197,  206. 
Redprocalang  force,  86. 
Begenerator.  844. 

Begulators  (see  Throttle  valve),  62, 115. 
Betease,421. 
BeUefdack8.144. 
Besistance  of  electric  carcmt,  548. 

of  locomotive  engines  and  trains,  529. 

of  steam  engine,  422. 

of  steam  passages,  413. 

of  water  pipes  and  diannels  (see  Flow 
ofwaten. 

to  conduction  of  heat,  257. 
Betort  boiler,  470. 
Beversing  engines  by  loose  eccentric,  491. 

by  link  motion,  496. 
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Bivets,  strength  of,  71  (see  idso' Boiler 

shells). 
Road  locomotives,  537. 
Rolling  resistanee,  17. 
Rotative  steam  engines,  479. 
Rotatory  steam  engines,  478,  482,  603. 
Rupture,  modulus  of,  77. 

Safbtt  valve,  119,  454,  464. 
Sails  of  windmills,  217,  219. 
Schemnitz  machine,  144. 
Screw  engines,  523,  525. 

propeller,  emcien^  of,  550. 
Sector  cylinders,  508. 
Sediment  in  boilers  (see  Deposit). 

collector.  453. 
Shafts,  482. 

of  marine  engines,  520. 

strength  of,  75,  78,  79. 
Shearing,  resistance  to,  71. 
Side  lever  engines,  516. 
Single  acting  steam  engines,  50,  383,  834, 

339  478 
Slide  valves,  124,  480,  486. 

long,  487. 

short,  488. 
Slip  dock,  hydraulic  purchase  for,  134. 
Sluices,  153, 156. 
Smoke,  273. 

bor,  451. 

prevention  of,  281. 
Snifting  valve,  481. 
Solids,  expansion  of,  234. 

melting  points  of,  235. 
Soot,  273. 

Sound,  velocity  of,  249,  821 
Sourco  of  water,  measurement  of,  92. 
Sources  of  water  power,  91. 
Specific  heat  of  liquids  and  solids,  245, 555. 

heat,  dynamical  real  and  apparent,  307, 
316. 

heat  of  gases,  248,  318,  554. 
Spheroidal  state  of  fluids,  238. 
Starting,  38. 

Stays  (see  Boiler  sta^s,  Fire  box  stays). 
Steam,  action  of,  against  known  resistance, 
428. 

action  of,  on  piston,  50,  51,  875,  377, 
387,  896,  568. 

action  of,  practical  examples,  404. 

and  ether  engine,  445. 

approximate  formulae,  892,  402. 

back  pressure  of,  881. 

chest,  451,  460. 

density  of,  230,  326,  552,  559,  564. 

drv  sii'turated,  action  of.  u96. 

elasticity  of,  2?,0. 

en^rinc,  resistsince  and  efficiency  of  me- 
thnnism,  422. 

engines  claiiscU,  478. 


Steam  engines,  parts  of,  480,  484. 

sas,  properties  of,  255,  820,  827.  430. 

now  to  interpolate  quantities  in  taDle8,SS0 

in  unjacketed  cylinder,  887. 

latent  heat  of,  252,  325. 

passages,  414,  485. 

pipe,  413,  454,  480. 

pressure  of  saturation  of,  237. 

room.  462. 

snperneated,  or  steam  gas,  proviaional 
theory  of,  430. 

tables  relating  to  action  of,  IV.,  659 ; 
VI.,  564;  VII.,VIU.,568;  IX,  441 ; 
X.,  442 ;  XI.,  443. 

tables,  interpolation  in,  880. 

thermodynamic  function  and  thermal 
lines  tor,  888. 

total  heat  of,  827. 

valve  (see  Induction  valve). 

whistle,  455. 
Steel  boilers,  465. 
Steeple  engines,  549. 
Stop  valve,  454,  480. 
Stopping,  38. 
Stream  (see  Flow^. 
Strength  of  machmes,  64. 
Stroke  of  piston,  advantages  of  long,  507. 
Struts,  iron,  73. 

timber,  74. 
Stuffing  box,  481. 
Suction  pipe,  105. 
Superheating  steam,  262,  428,  552. 
Surface  blow,  455. 

condensation  (see  Condensation). 

cooling  (see  Cooling  surface). 

heating  (see  Heating  surface). 

Tappets,  486. 
Temperature,  224,  225,  806. 
Tenacity,  66. 
Testing  strength,  65. 
Thermal  lines,  802. 

for  air,  845. 

for  steam,  883. 

unit,  244. 
Thermodynamic  ftmctiona,  809,  814. 

functions  for  air,  846. 

functions  for  steam,  383. 
Thermodynamics,  223,  299. 

first  law  of,  299. 

general  equation  of,  310. 

second  law  of,  806,  307. 
Thermometers,  22R,  232,  306. 
Throttle  valve,  123,  485. 

resistance  of  to  steam,  418,  480. 
Torsion,  resistance  to,  78. 
Total  heat  of  combustion  (see  Combustion). 

actual  heat,  3U5. 

of  evaporation  (sec  Evaporation), 

of  gasefication  (see  Gasc6cation). 
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Tniupoit  of  loads  bj  mnaealar  power,  88. 

Tnmsyene  strength,  76. 

Treble  cylinder  engines,  502. 

Trunk,  481,  482. 

Tubes  of  boilers  and  tube  plates,  451,  452, 

460,461. 
Tubular  boUers,  463,  474,  476. 
Turbines,  steum,  538. 

water,  189,  201. 
Turf,  276  (see  Fuel). 
Twisting,  resistance  to,  78. 

and  bending,  79. 

Undbrshot  water  wheels,  161, 186. 
Undulations  of  indicator  diagram,  422. 
Undents,  16. 

Unjacketed  steam  eng^ie,  887. 
Uptake,  451,  475. 

Vaodum  (see  Pressure,  Customary  MoJe 
of  Stating;  also  Steam,  Back  Pres- 
sure ot). 

gauges,  110,  481. 

▼alve,  454. 
Valves,  117  (see  also  Clacks). 

chest,  480. 

gearing,  482,  485,  486,  490. 

slide  (see  Slide  valves). 

steam,  resistance  of,  413. 
Vanes,  impulse  of  water  on,  163. 

best  form  of,  170. 

friction  of  water  on,  171. 
Vapours,  properties  of,  236,  325,  326,  554. 
Velocity,  2. 

angular,  4. 

of  piston  (see  Piston). 
Vertical- tube  boilers,  461,  476. 

inverted  scrpw  marine  engine,  525. 
Vortex  water  wheel,  191,  193,  197,  198, 
207. 

Wagon  boiler,  469. 


Waste-sluice,  158. 
Waste  weir,  150. 
Water  blower,  213. 

bucket  endues,  105. 

bucket  hoist,  105. 

expansion  of,  by  beat,  109. 

g:auge,454. 

mipulM  of,  168. 

measurement  of  flow  o(  92. 

meters,  148. 

power,  91. 

power  engines,  97. 

pressure  engines,  107, 138. 

pressure  hoists,  133. 

room.  462. 

tube  boilers,  461,  476. 

wheel  i^vemors,  158. 

wheel  m  an  open  current,  188. 

wheel,  vertical,  choice  of,  177. 

wheels,  horizontal  Tsee  Turbines). 

wheels,  vertical,  150, 160,  174,  177, 186. 
Weir,  flow  over,  93, 160. 
Windmills,  214. 
Wire-drawn  steam,  413,  417. 
Wood,  276  (see  Fuel). 

hearth  for  burning,  457. 
Work,  1. 

against  an  oblique  force,  6. 

against  gravity,  6. 

against  varying  resistance,  9. 

algebraical  expressions  for,  5. 

during  retardation,  35. 

in  terms  of  angular  motion,  8. 

in  terms  of  pressure  and  volume,  4. 

of  acceleration,  18. 

represented  by  an  area,  8. 

summary  of,  24. 

summation  of  quantities  of,  6. 

useful  and  lost,  13. 
Wrenchmg,  resistance  to,  78. 

Z-CBAKK  engine,  482. 
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